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Figure 3- 18: Crystallite sizes of CeO2 and Fe3O4 during the first 10 redox cycles of 
10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2.                 
(    ) Fe2O3 in as prepared material, (  ) Fe3O4 and (  ) CeO2 crystallite sizes in 
10wt%Fe2O3-CeO2. (  ) Fe2O3 in as prepared material, (  ) Fe3O4 and (  ) CeO2 crystallite 
sizes in 80wt%Fe2O3-CeO2 ( ) guide for crystallite size evolution from Fe2O3 to Fe3O4, 
( ) guide to the eye for crystallite size increase between similar phase. Error bars 
represent standard deviation (68% confidence interval) calculated from 3 most intense 
peaks. 
Figure 3- 19: Deactivation in (a) 10wt%Fe2O3-CeO2 and (b) 80wt%Fe2O3-CeO2 after 100 
redox cycles.  
Figure 3- 20: Regeneration study of 10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 by means 
of O2 treatment. (■) 10wt%Fe2O3-CeO2 and ( ) 80wt%Fe2O3-CeO2.  
Figure 4- 1: XRD spectra for as prepared X-Mg-Fe-Al-O samples, in various compositions 
(X = equivalent wt% of total amount of Fe2O3 in the sample); diffractions: (  ) MgFeAlOx, 
(  ) Fe2O3  
Figure 4- 2: Mössbauer spectrum of 30-Mg-Fe-Al-O. The red and the blue deconvolutions 
represent two distinct Fe3+doublets.  
Figure 4- 3: Crystallite size and BET surface area as function of Fe2O3 amount in the 
sample. (a) Crystallite size of Fe2O3 and Mg-Fe-Al-O phases in the samples. As prepared: ( 
□ ) MgFeAlOx and (  ) Fe2O3; ( ■ ) MgFeAlOx and (  ) Fe3O4 after 5 isothermally redox 
cycles at 750°C. Crystallite size calculated based on XRD data using the Scherrer equation. 
(b) BET specific surface area for as prepared samples. The error bar indicates the 
standard deviation.  
Figure 4- 4: SEM images of various as prepared samples: (a) 90-Mg-Fe-Al-O, (b) 70-Mg-
Fe-Al-O, (c) 50-Mg-Fe-Al-O, (d) 30-Mg-Fe-Al-O, (e) 20-Mg-Fe-Al-O, (f) 10-Mg-Fe-Al-O; 
central inset: Fe2O3.  
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Figure 4- 5 : CO yield in redox cycles for the series of X-Mg-Fe-Al-O samples and for two 
reference materials 10wt%Fe2O3-Al2O3 and 10wt%Fe2O3-MgO. Each cycle (16 min) is 
composed of 4 min H2 (5mol% H2 in Ar), 4 min He, 4 min CO2 and 4 min at 750°C. All the 
gas flow rates were 1.1 Nml/s.  
Figure 4- 6: CO yield as a function of number of isothermal redox cycles for oxygen carrier 
materials (  ) 10-Mg–Fe–Al–O and (  ) 50-Mg–Fe–Al–O. Each cycle (16 min) is composed 
of 4 min H2 (5mol% in Ar), 4 min He, 4 min CO2 and 4 min He at 750°C. All the gas flow 
rates were 1.1 Nml/s.  
Figure 4- 7: In situ XRD pattern recorded during H2-TPR for (a) 50-Mg-Fe-Al-O, (b) 30-
Mg-Fe-Al-O, (c) 10-Mg-Fe-Al-O; (d) Conventional H2-TPR for 50-, 30- and 10-Mg-Fe-Al-O. 
The samples were heated from room temperature to 800°C with heating rate 0.5°C/s. Gas 
flow rate: 1.1 Nml/s hydrogen (5 mol%H2 in Ar).  
Figure 4- 8: In situ XRD pattern during CO2-TPO for (a) 50-Mg-Fe-Al-O, (b) 30-Mg-Fe-Al-
O and (c) 10-Mg-Fe-Al-O; (d) Conventional CO2-TPO for Mg-Fe-Al-O promoted iron oxides. 
The samples were heated from room temperature to 800°C with heating rate 0.5°C/s. Gas 
flow rate: 1.1 Nml/s CO2.  
Figure 4- 9: (a) In situ XRD pattern of 30-Mg-Fe-Al-O during H2-TPR between room 
temperature and 900°C and (b) XRD full scan of 30-Mg-Fe-Al-O at room temperature after 
H2 reduction. (c) In situ XRD pattern of 30-Mg-Fe-Al-O during CO2-TPO between room 
temperature and 900°C and (d) full range scan after the reoxidation of 30-Mg-Fe-Al-O at 
room temperature. (  ) MgFeAlOx, (  ) Fe and (  ) Fe3O4; Gas flow rates: 1.1 Nml/s 
hydrogen (5mol%H2 in Ar) and 1.1 Nml/s CO2. Heating rate:0.5°C/s.  
Figure 4- 10: (a) In situ XRD during five isothermal redox cycles at 750°C for 50-Mg-Fe-
Al-O. SEM micrographs of the (b) as prepared and (c) after cycling. Each cycle (16 min) 
comprises alternate pulses of 4 min H2 (5mol%H2 in Ar), 4 min He, 4 min CO2 and 4 min 
He. All the gas flow rates were 1.1 Nml/s.  
Figure 4- 11: (a) In situ XRD for five isothermal redox cycles at 750°C for 10-Mg-Fe-Al-O. 
SEM micrographs of the 10-Mg-Fe-Al-O (b) as prepared and (c) after 60 isothermal redox 
cycles at 750°C. Each cycle (16 min) comprises alternate pulses of 4 min H2 (5mol%H2 in 
Ar), 4 min He, 4 min CO2 and 4 min He. All the gas flow rates were 1.1 Nml/s.  
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Figure 4- 12: Mössbauer spectra of 30-Mg-Fe-Al-O after isothermal (a) H2 reduction (b) 
CO2 reoxidation. Red (D1) and blue (D2): Fe3+ doublets; Green (D3) and black (D4): Fe2+ 
doublets.  
Figure 4- 13: Mössbauer spectrum of 30-Mg-Fe-Al-O after H2-TPR at 900°C. Red: Fe3+ 
doublet. Green: Fe2+ doublet. Cyan and inset line markers: -Fe sextet.  
Figure 4- 14: Reduction and oxidation pathways of various oxygen carrier materials: (a) 
MgFeAlOx spinel phase at temperature < 750°C, (b) spinel phase at temperature > 750°C, 
(c) mixed Fe2O3/MgFeAlOx phase  
Figure 4- 15: Oxygen storage capacities of the materials from 10- to 90-Mg–Fe–Al–O. 
Oxygen storage capacities of (  ) separate Fe2O3 and (  ) iron incorporated in spinel.  
Figure 5- 1: (a) Normalized XANES spectrum of 10wt%Fe2O3-MgAl2O4 with subtraction 
function; (b) extracted pre-edge feature.                   
(_____) XAS signal of 10wt%Fe2O3-MgAl2O4, (----) inclined arctangent.  
Figure 5- 2: graphical representation of the shrinking core model in a MgFeAlOx 
crystallite.  
Figure 5- 3: The Rietveld refined and experimental XRD pattern of as prepared 
10wt%Fe2O3-MgAl2O4.  
Figure 5- 4: The deconvoluted pre-edge spectra measured in a cryostat at 80 K. Reference 
(a) Fe2O3 and (b) FeO.                     
( ) fit, ( ) component 1 in Fe3+, ( ) component 2 in Fe3+, ( ) 
component 1 in Fe2+, ( ) component 2 in Fe2+.  
Figure 5- 5: The pre-edge spectra of as prepared and pre-treated samples. (a) The overlay 
of as prepared, 25 and 60 times cycled sample along with deconvoluted spectra of (b) as 
prepared, (c) 25 and (d) 60 times cycled samples.                    
( )10wt%Fe2O3-MgAl2O4, ( ) 25 times cycled, ( ) 60 times cycled, ( ) 
fit,           ( ) component 1 ( ) component 2.  
Figure 5- 6: (a) QXANES spectra during in situ H2-TPR of 10wt%Fe2O3-MgAl2O4. (b) The 
pre-edge features extracted from the QXANES spectra using an inclined arctangent. 
Figure 5- 7: (a) The centroid position of the pre-edge feature during H2-TPR. (b) The 
conversion of Fe3+ and Fe2+ components during the reduction. Here yf represents the 
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fraction of Fe3+ and Fe2+ determined from the pre-edge analysis.        
The error bars show the 68% confidence interval based on the average of three 
experimental points in an experiment. ( ) centroid position, ( ) Fe3+, ( ) Fe2+ 
Figure 5- 8: Observed and calculated conversion profile of Fe3+ based on pre-edge fitting 
of QXANES spectra from 10wt%Fe2O3-MgAl2O4 during H2-TPR. The error bars represent 
68% confidence interval and are calculated from three averaged experimental points. ( ) 
experimental value and thick orange line ( ) calculated by minimizing equation 5-6 
using equation 5-14. The reaction rate and diffusion coefficients were calculated by 
equations 5-7 & 5-9 and the parameters for calculation of activation energies for both 
these terms are described in equations 5-8 & 5-10 respectively. The results have been 
represented in Table 5-2. The (b) residual and (c) parity plot for the conversion profile of 
Fe3+ in 10wt%Fe2O3-MgAl2O4. ( ) residuals, ( ) calculated conversion values.  
Figure 6- 1: Catalyst-assisted chemical looping using a bifunctional material. 
Figure 6- 2: The XRD patterns of as prepared (a) CeZrO2 - CoFe2O4 and (b) CeZrO2 - NiFe2O4 
materials with varying loading: (i) 0wt%CeZrO2 - NiFe2O4/CoFe2O4, (ii) 20wt%CeZrO2 - 
CoFe2O4/NiFe2O4, (iii) 50wt%CeZrO2 - CoFe2O4/ NiFe2O4 and (iv) 80wt%CeZrO2 - 
CoFe2O4/NiFe2O4.                 
(●) CoFe2O4, ( ) NiFe2O4 , ( ) CeZrO2 
Figure 6- 3: The crystallite size determined from (a) XRD and STEM along with (b) BET 
surface area of as prepared materials as a function of CeZrO2 loading.          
Crystallite sizes calculated from XRD: (  ) CoFe2O4, (  ) NiFe2O4, (  ) CeZrO2 in Co - ferrites 
(  ) CeZrO2 in Ni - ferrites. Crystallite size determined from STEM: (  ) CoFe2O4, (  ) 
NiFe2O4.                 
BET specific surface area: (  ) CoFe2O4 and (  ) NiFe2O4            
All error bars represent standard deviation with 68% confidence interval. The error bars 
in crystallite size calculation from XRD originate from averaging the crystallite size of the 
4 most intense peaks and the error bars in BET surface area measurements were 
calculated from 4 measurements.  
Figure 6- 4: STEM images of as prepared (a) 80wt%CeZrO2 - CoFe2O4 showing the sample 
morphology and corresponding EDX elemental mapping of (b) Co and Fe along with (c) 
Ce and Zr. STEM micrographs of as prepared (d) 80wt%CeZrO2 - NiFe2O4 showing the 
sample morphology and elemental mapping of (e) Ni and Fe along with (f) Ce and Zr. 
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Figure 6- 5: The H2-TPR and CO2-TPO of 20wt%CeZrO2 - CoFe2O4 studied by in situ XRD 
and conventional TPR-TPO. The in situ XRD profiles showing phase transformations 
during the first cycle of (a) H2-TPR and (b) CO2-TPO along with the peak positon changes 
in CeZrO2 (111) during the two cycles of (c) H2-TPR and (d) CO2-TPO. The consumption 
profiles in conventional TPR-TPO during the two cycles of (e) H2-TPR and (f) CO2-TPO.           
(    ) First cycle and (  ………  ) second cycle.  
Figure 6- 6: The normalized intensity plot of the (a) CoFe2O4 diffraction peak at 2θ = 35.4° 
in 20wt%CeZrO2-CoFe2O4 during the reductions of two in situ redox cycles and (b) the 
derivative of the intensity curves showing the rate of consumption during the reduction.          
Derivative of the CoFe2O4 diffraction intensity during (    ) first cycle and (  -------  ) 
second cycle. 
Figure 6- 7: The fitted peak position of alloy CoFe from the in situ XRD redox study of 
20wt%CeZrO2-CoFe2O4 during the two CO2-TPO cycles after H2-TPR.            
(------) Trend line for thermal expansion in peak position during (  ) first cycle and (  ) 
second cycle 
Figure 6- 8: The conventional TPR-TPO consumption profiles during (a) H2-TPR and (b) 
CO2-TPO of bulk CoFe2O4 during repeated redox treatments.              
(    ) First cycle and (  ………  ) second cycle. 
Figure 6- 9: The H2-TPR and CO2-TPO of 50wt%CeZrO2 - CoFe2O4 followed by in situ XRD 
and conventional TPR-TPO. The in situ XRD profiles showing phase transformations 
during the first cycle of (a) H2-TPR and (b) CO2-TPO. The consumption profiles in a 
conventional TPR-TPO set up during the two cycles of (c) H2-TPR and (d) CO2-TPO.            
(    ) First cycle and (  ………  ) second cycle.  
Figure 6- 10: The H2-TPR and CO2-TPO of 80wt%CeZrO2 - CoFe2O4 followed by in situ XRD 
and conventional TPR-TPO during the redox treatment. The in situ XRD profiles showing 
phase transformations during the first cycle of (a) H2-TPR and (b) CO2-TPO. The 
consumption profiles in a conventional TPR-TPO set up during the two cycles of (c) H2-
TPR and (d) CO2-TPO.                     
(    ) First cycle and (  ..…….  ) second cycle.  
Figure 6- 11: The H2-TPR and CO2-TPO of 20wt%CeZrO2 - NiFe2O4 followed by in situ 
XRD and conventional TPR-TPO during two consecutive redox cycles. The in situ XRD 
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profiles showing phase transformations during the first cycle with (a) H2-TPR, (b) CO2-
TPO and second cycle of (c) H2-TPR and (d) CO2-TPO. The consumption profiles in a 
conventional TPR-TPO set up during the two cycles of (e) H2-TPR and (f) CO2-TPO.        
( ) First cycle and (  …….  ) second cycle. 
Figure 6- 12: The fitted peak position of alloy NiFe from the in situ XRD redox study of 
20wt%CeZrO2-NiFe2O4 during the two CO2-TPO cycles after H2-TPR.              
(------) Trend line for thermal expansion in peak positions during (  ) first cycle and (  ) 
second cycle.  
Figure 6- 13: The conventional TPR-TPO consumption profiles during (a) H2-TPR and (b) 
CO2-TPO of bulk NiFe2O4 during repeated redox treatments.               
( ) First cycle and (  …….  ) second cycle. 
Figure 6- 14: The H2-TPR and CO2-TPO of 50wt%CeZrO2 - NiFe2O4 followed by in situ XRD 
and conventional TPR-TPO during two consecutive redox cycles. The in situ XRD profiles 
showing phase transformations during the first cycle of (a) H2-TPR, (b) CO2-TPO and 
second cycle of (c) H2-TPR and (d) CO2-TPO. The consumption profiles in a conventional 
TPR-TPO set up during the two cycles of (e) H2-TPR and (f) CO2-TPO.              
( ) First cycle and (  …….  ) second cycle.  
Figure 6- 15: The H2-TPR and CO2-TPO of 80wt%CeZrO2 - NiFe2O4 followed by in situ XRD 
and conventional TPR-TPO during two consecutive redox cycles. The in situ XRD profiles 
showing phase transformations during the first cycle of (a) H2-TPR, (b) CO2-TPO and 
second cycle of (c) H2-TPR and (d) CO2-TPO. The consumption profiles in a conventional 
TPR-TPO set up during the two cycles of (e) H2-TPR and (f) CO2-TPO.              
( ) First cycle and (  …….  ) second cycle.  
Figure 6- 16: The phase diagram of pure ferrite materials and respective metal oxides in 
the presence of CO as reducing and CO2 as reoxidizing gases. Equilibrium lines of pure (a) 
Co - ferrite and (b) Ni - ferrite materials.             
Blue lines: Co, resp. Ni related phases, black lines: Fe related phases. 
Figure 6- 17: The dynamic simulation of CO space time yield (STYM) from the multi-
tubular reactor configuration based on each of 100 isothermal redox cycles (20 h time on 
stream) in a single reactor experiment in (a) CeZrO2 - CoFe2O4 and (b) CeZrO2 - NiFe2O4 
materials. The bold black line represents the time average of the STYM.                         
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(  ) 80wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 50wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 
20wt%CeZrO2 - CoFe2O4/NiFe2O4.             
Each cycle (720s) is composed of 180s H2 (10mol% in He), 180s He, 180s CO2 (100%) 
and 180s He at 550°C. All the gas flow rates were 5 Nml/s. 
Figure 6- 18 : XRD patterns of CeZrO2 modified ferrites after 100 isothermal redox cycles 
(20 h time on stream) for (a) CoFe2O4 and (b) NiFe2O4. (i) 80wt%CeZrO2 - 
CoFe2O4/NiFe2O4,(ii) 20wt%CeZrO2 - CoFe2O4/NiFe2O4.               
(  ) CoFe2O4, (  ) CoFe alloy, (  ) metallic Co, (  ) Fe3O4 (  ) metallic Ni and (  ) CeZrO2 
Figure 6- 19: (a) The evolution of products on 80wt%CeZrO2 - CoFe2O4  during reduction 
half cycle with methanol. (______) CO2, (……..) CO and (-----) H2.           
(b) The dynamic simulation of CO space time yield (STYM) from the multi-tubular reactor 
configuration of ferrites based on each of 15 chemical looping cycles (3 h time on stream) 
in a single reactor experiment with methanol. The bold black line represents the time 
average of the STYM.                
All the gas flow rates were 5 Nml/s.                                          
(  ) 80wt%CeZrO2 - CoFe2O4 and (  ) 80wt%CeZrO2 - NiFe2O4; Each cycle (720s) in 
isothermal redox cycling during chemical looping with methanol is composed of 180s 
CH3OH (10mol% in He), 180s He, 180s CO2 (100%) and 180s He at 550°C. 
Figure 6- 20: The varying reduction time study showing the CO yield and carbon 
formation. (a) The CO yield in 80wt%CeZrO2 - CoFe2O4 resulting from varying the 
reduction time with methanol. All the gas flow rates were 5 Nml/s. (- - - -) Theoretical 
yield calculated from equation 6-2.                            
(b) The carbon formation obtained after reoxidation with CO2 and O2 during the varying 
reduction time study. Bars with grey color represent ( ) carbon from CO2 reoxidation and 
black color ( ) represent carbon from O2 reoxidation.              
All the gas flow rates were 5 Nml/s. 
Figure 6- 21: STEM images of 80wt%CeZrO2 - CoFe2O4 and 80wt%CeZrO2 - NiFe2O4 after 
methanol redox cycles: (a) STEM micrograph and (b) EDX elemental mapping of Fe, Co 
and C in 80wt%CeZrO2 - CoFe2O4. (c) STEM image of 80wt%CeZrO2 - NiFe2O4 and (d) EDX 
elemental mapping of Fe, Ni and C.  
Figure 6- 22: XRD diffraction patterns after 15 chemical looping cycles (3 h time on 
stream) with methanol: (i) 80wt%CeZrO2 - CoFe2O4 and (ii) 80wt%CeZrO2 - NiFe2O4. 
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Diffraction peak positions of (  ) CeZrO2, (  ) metallic Ni, ( ) Fe3C, (  ) CoFe2O4 and ( ) 
Fe3O4 
Figure 6- 23: The dynamic simulation of CO Space time yield (STYM) from the multi-
tubular reactor configuration based on each of 15 chemical looping cycles (3 h time on 
stream) with ethanol and the CO yield as a function of reduction time. (a) The CO STYM in 
as prepared 80wt%CeZrO2 - CoFe2O4 and 80wt%CeZrO2 - NiFe2O4;         
The bold black line represents the time average of the STYM.              
(  ) 80wt%CeZrO2 - CoFe2O4 and (  ) 80wt%CeZrO2 - NiFe2O4.       
Each cycle (720s) during isothermal chemical looping with ethanol is composed of 180s 
ethanol mixture (1:1 mole ratio, 10mol% in He), 180s He, 180s CO2 (100%) and 180s He 
at 750°C.                 
(b) The CO yield for 80wt%CeZrO2 - CoFe2O4 resulting from varying the reduction time. 
All the gas flow rates were 5 Nml/s.                
(- - - - -) Theoretical yield calculated from equation 6- 2. 
Figure 6- 24: XRD diffraction patterns after 15 chemical looping cycles (3 h time on 
stream) with ethanol: (i) 80wt%CeZrO2 - CoFe2O4 and (ii) 80wt%CeZrO2 - NiFe2O4. 
Diffraction peak position of (  ) CeZrO2, (  ) metallic Ni (  ) CoFe2O4 and ( ) Fe3O4 
Figure 6- 25: The space time yield during chemical looping with ethanol-water mixture 
on 80wt%CeZrO2-CoFe2O4, (a) without and (b) with pre-catalyst bed.       
(______) CO2, (……..) CO, ( ) CH4, ( ) C2H5OH, (-----) H2 
Figure 7-1: The material cost of CO produced with varying loading of Fe2O3 in (a) CeO2 
and (b) MgAl2O4 promoted materials. ( ) material cost ( ) CO produced. The cost of 
materials and CO production was calculated based on fixed volume of the reactor (1 m3). 
Figure A- 1: The XRD diffraction pattern of 10Fe2O3- CeO2. The inset shows the fit for the 
most intense peak. ( ) 10wt%Fe2O3-CeO2 (------) Gaussian. 
Figure A- 2: The XRD pattern of reference LaB6.  
Figure B- 1: The MS signal during the CO2-reoxidation half cycle of 20wt%CeZrO2-CoFe2O4 
 (………) He, (____) CO and ( )CO2. 
Each cycle (720s) is composed of 180s H2 (10mol% in He), 180s He, 180s CO2 (100%) and 
180s He at 550°C. All the gas flow rates were 5 Nml/s. 
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Figure B- 2: The normalized MS signal of CO and the CO produced from material 
reoxidation.  
(____) Normalized CO recorded during the experiment and (………) CO signal from material 
oxidation only. 
Figure B- 3: Proposed multi-tubular configuration for continuous production of CO using 
H2 for reduction and CO2 for reoxidation.  
Figure B- 4: The CO space time yield (STY) from a single reactor leading to the simulation 
of space time yield for the multi-tubular reactor configuration of 20wt%CoFe2O4-CeZrO2.  
(____) CO from single reactor experiment and (………) sum of the CO STY.  
Figure B- 5: The dynamic simulation of CO space time yield (STYM) from the multi-tubular 
reactor configuration during 100 isothermal redox cycles (20 h time on stream) in (a) 
CeZrO2 - CoFe2O4 and (b) CeZrO2 - NiFe2O4 materials.           
The bold black line represents the time average of the STYM.               
(  ) 80wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 50wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 
20wt%CeZrO2 - CoFe2O4/NiFe2O4.            
Each cycle (720s) is composed of 180s H2 (10mol% in He), 180s He, 180s CO2 (100%) 
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Table 2- 1: The overview of the mass flow controllers with their feed specifications. 
Table 3- 1: Crystallite sizes and CeO2 lattice parameters of as prepared and cycled 
materials from XRD.  
a-determined from TEM, b- no diffraction peaks present. Error represents standard 
deviation calculated from 3 most intense peaks. 
Table 3- 2: Fit results of the Fe incorporated CeO2 model (Δk = 0.24–1.01 nm-1, ΔR = 0.13–
0.41 nm) in R-space with multiple ki-weighted (i = 1, 2 and 3) to the Ce-K edge EXAFS 
signal of 10wt%Fe2O3-CeO2 in ambient conditions. 
Table 4- 1: Mössbauer parameters for sample 30-Mg-Fe-Al-O, as prepared, after 4 min H2 
reduction (Figure 12a), after 4 min H2 reduction and subsequent 4 min CO2 reoxidation 
(Figure 12b), and after H2-TPR to 900°C. D: doublet, Fe: isomer shift, EQ:  quadrupole 
splitting, : line width (full width at half maximum), RA relative spectral area; S: sextet, 
2Q: sextet quadrupole shift, Hhf: magnetic hyper fine field.  
Table 5-1: Fit parameters of 10wt%Fe2O3-MgAl2O4 obtained from Rietveld refinement 
Table 5-2: Kinetic parameters for reduction of Fe3+ to Fe2+ in 10wt%Fe2O3-MgAl2O4 using 
a shrinking core model. Error corresponds to 95% individual confidence interval limits. 
The binary correlation coefficients varied between 0.18 and 0.49. 
Table A- 1: The overview of the instrumental width calculated from the reference 












List of symbols 
Roman symbols 
Aj(k)  Amplitude factor of jth photoelectron scattering path 
contribution 
(-) 
𝐴 Amplitude of arctangent  (-) 
A Pre exponential factor for reaction rate coefficient  (m s-1) 
a Stoichiometric coefficient of solid reactant molecule a  (-) 
b Stoichiometric coefficient of gas reactant molecule b  (-) 
b Instrumental width for XRD (-) 
CH2  Initial concentration of H2 in the feed  (mol m
-3) 
CFe3+
o  Concentration of Fe3+ participating in the reaction 
calculated from pre-edge analysis  
(mol m-3) 
CFe3+,0
o  Amount of Fe3+ at time t=0  (mol) 
CFe3+,t
o  Amount of Fe3+ at time t=t  (mol) 
Co Constant  (-) 
CnHm Hydrocarbon fuel in chemical looping (-) 
D Doublet (-) 
DO Pre exponential factor for diffusion  (m2 s-1) 
d Interplanar distance in Scherrer equation (m) 
d Mean crystallite size (m) 
E X-ray energy (eV) 
E0 Absorption edge energy (eV) 
Eo Activation energy  (kJ mol-1) 
Ea Activation energy  (kJ mol-1) 
Ea,diff Activation energy for diffusion  (kJ mol-1) 
Eo,diff Activation energy for diffusion  
  
(kJ mol-1) 
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FCO Molar flowrate of CO (mol/s) 
Fj(k)
eff  Effective photoelectron backscattering amplitude function 
of scattering path j 
(Å) 
 
fj(k) Photoelectron backscattering amplitude function of 
material shell j around the X-ray absorber 
(Å) 
 
Gp,T Gibbs free energy at a given pressure and temperature (kJ mol-1) 
∆Gr,700oC
o  Gibbs free energy of reaction at 700oC (kJ mol-1) 
G(x) Gaussian function  (-) 
Hhf Magnetic hyper fine field (kOe) 
h Planck constant  (eV s) 
Io Incoming X-ray intensity (s-1) 
It Transmitted X-ray intensity (s-1) 
j Counter (-) 
K Dimensionless shape factor in Scherrer equation (-) 
k Reaction rate coefficient  (m s-1) 
Δk k-space fitting range  (Å−1) 
L(x) Lorentzian function  (-) 
Me Metal (-) 
MeO Metal oxide (-) 
MeO1-x Partially reduced metal oxide (-) 
m Number of reactant and product species (-) 
m Slope  (eV-1) 
me Electron mass (kg) 
Nox Number of reactors in oxidation (-) 
Nidp Number of independent points (-) 
Nj Number of equivalent scattering paths j (MS), or 
coordination number j (SS)  
(-) 
n Braggs diffraction plane (-) 
n Number of reactant and product species (-) 
nCO Moles of CO produced (mol) 
nFe2O3 Moles of Fe2O3 (mol) 
ni Amount of species i (mol) 
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PCO Partial pressure of CO (bar) 
PCO2 Partial pressure of CO2 (bar) 
p Pressure (bar) 
R Radial distance from the X-ray absorber (Å) 
R Universal gas constant  (kJ mol-1 K-1) 
ΔR R-space fitting range (Å-(z+1)) 
R – factor Fractional sum of squared residuals of misfit (-) 
Reff Effective absorber-scatterer pair interatomic distance (Å) 
Rj Half-path length of photoelectron scattering path j (MS), or 
interatomic distance j (SS) 
(Å) 
ro Crystallite size radius calculated from Scherrer equation  (m) 
S Sextet (-) 
S(bi) Objective function (-) 
So
2 Amplitude reduction factor (-) 
STY Space time yield (mol kg-1 s-1) 
STYM The space time yield calculated from multi-tubular reactor 
configuration 
(mol kg-1 s-1) 
T Temperature  (K) 
W Full width at half maximum (-) 
Wo Mass of the oxygen carrier material kg 
Ws Mass of ferrite in reactor kg 
X Varying loading (kg) 
XFe3+  Conversion of Fe
3+ (-) 
X̂Fe3+  Conversion of Fe
3+ predicted from the model  (-) 
XFe3+,j Observed conversion of Fe
3+ at experimental point j (-) 
x Amount of Fe dissolved in CeO2 lattice (mol) 
x Energy  (eV) 
x Sample thickness (m) 
YCO Yield of CO (mol kg-1) 
Y Yield  (-) 
yf Fraction of Fe3+ and Fe2+ determined from the pre-edge analysis (-) 
 




α Probability level  (-) 
β Full width at half maximum (-) 
βo Ramp rate (°C min-1) 
β1 Linear offset parameter for activation energy of reaction rate (kJ mol-1) 
β2 Linear offset parameter for activation energy for diffusion  (kJ mol-1) 
δj(k) Phase shift for photoelectron scattering path j  (-) 
Fe Isomer shift (mm s-1) 
∆EQ  Quadrupole splitting  (mm s-1) 
∆ Difference  (-) 
ϵ  Measurement uncertainty (Å-(z+1)) 
Q Sextet quadrupole shift (-) 
θ  Angle of incidence of X-rays (°) 
λ Wavelength of X-rays (m) 
λ(k) Energy dependent mean-free path distance of the 
photoelectron 
(Å) 
Γ Line width (mm s-1) 
τk Characteristic time for reaction rate (s) 
τD Characteristic time for diffusion (s) 
μ Centroid energy (eV) 
μi Chemical potential of species i (J mol-1) 
μ(E)  Linear absorption coefficient  (m-1) 
μ0(E)  Atomic background function  (m-1) 
𝝂 Number of free parameters  (-) 
σ Debye-Waller factor (-) 
σj Debye-Waller factor (-) 
ϕj(k) Phase factor of jth photoelectron scattering path contribution  (-) 
χ²  Chi-squared objective function  (-) 
χ(E)  EXAFS signal in E-space  (-) 
χ(k) EXAFS signal in k-space  (-) 
χ(R)  EXAFS signal in R-space (Å-(z+1)) 
χe(Ri) Complex Fourier transformed experimental χ(k) signal (Å-(z+1)) 
List of symbols   
xxxi 
 
χt(Ri) Complex Fourier transformed theoretical χ(k) signal (Å-(z+1)) 
χv
2 Reduced chi-squared (χ2⁄𝝂) (-) 
 
Abbreviations and acronyms 
ADFSTEM   Annular Dark Field Scanning Transmission Electron Microscopy  
AES    Atomic Emission Spectroscopy 
a.u.    arbitrary units 
BELSPO   Belgian State – Belgian Science Policy 
BET    Brunauer–Emmett–Teller 
BFSTEM   Bright Field Scanning Transmission Electron Microscopy 
BM    Beamline 
CLC    Chemical Looping Combustion 
CLCP    Chemical Looping CO Production 
CLDR    Chemical Looping Dry Reforming 
CLHP    Chemical Looping Hydrogen Production 
DRM    Dry Reforming of Methane 
DUBBLE   Dutch-Belgian beamline 
e.g.    for example 
ESRF    European Synchrotron Radiation Facility 
EXAFS    Extended X-ray Absorption Fine Structure 
FWHM   Full width at half maximum 
FWO    Fund for Scientific Research Flanders 
HAADF   High Angle Annular Dark Field  
i.d.    internal diameter 
IAP    Interuniversity Attraction Poles Programme 
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ICP    Inductively Coupled Plasma 
IWT    Promotion of Innovation through Science and Technology 
MS    Mass Spectrometer 
MS    Multiple Scattering 
MFC    Mass Flow Controller 
QXANES  Quick X-ray Absorption Near Edge Spectroscopy 
SNBL    Swiss-Norwegian beamline 
SS    Single Scattering 
SSA    Specific Surface Area 
SEM    Scanning Electron Microscopy 
STEM    Scanning Transmission Electron Microscopy 
TPO    Temperature Programmed Oxidation 
TPR    Temperature Programmed Reduction 
wt%    Weight percentage 
XAS    X-ray Absorption Spectroscopy 
XANES   X-ray Absorption Near Edge Spectroscopy 






Bifunctional material In catalyst assisted chemical looping, a material 
having both catalytic and oxygen storage properties 
Catalyst assisted chemical looping A chemical looping process carried out using a 
bifunctional material or a mixture of a catalyst and 
an oxygen storage material as solid intermediate.  
Chemical looping process A chemical reaction with solid intermediates that is 
split into multiple sub reactions and either executed 
in separate reactors or in an alternating manner in a 
single reactor.  
Chemical looping CO2 utilization Chemical looping process where the reduced oxygen 
storage material is regenerated by CO2 resulting in 
the production of pure CO. 
Oxygen storage material A solid intermediate which can exchange oxygen 
during chemical looping process. 
Oxygen storage capacity The total amount of exchangeable oxygen present in 
the oxygen storage material. 
Space time yield from multi-tubular 
configuration (STYM) 
The space time yield calculated for multiple reactors 
operating in parallel, calculated based on the 
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operation of a single chemical looping reactor 
resulting in a periodic operation of each reactor. This 
eventually generates a permanent periodic regime in 
chemical looping operation 
Multi-tubular reactor  A series of reactors operated periodically under 
chemical looping regime working in sequence with 
time delay results in a continuous production of the 
product.  
Redox cycle A sequential redox process based on the reduction 
oxidation of the oxygen storage material. In the first 
half cycle, a reducing fuel is employed to reduce the 
oxygen storage material. In the second half cycle the 














Global warming is responsible for accelerated climate change, affecting nature and society 
in a broad variety of ways. This is the outcome of increased greenhouse gas emissions 
during the past few decades. Among these gases CO2 represents the largest anthropogenic 
greenhouse gas emission and poses a serious threat. Thus, there is a need to minimize the 
CO2 emissions. The technologies based on renewable fuels such as solar and wind energy 
are gaining importance but are not yet mature enough to replace the already existing 
fossil fuel based technology. Alternatively, carbon dioxide can be put to use by converting 
it from waste product to useful commodity. 
One such emerging technology towards utilization of CO2 emissions is chemical looping. 
The simplicity of the process lies in the concept of conducting various sub reactions in 
sequential steps to obtain the desired product. It is a cyclic process based on the periodic 
reduction and reoxidation of an oxygen carrier material, typically a metal oxide. In the 
first step the metal oxide is reduced by fuel to a lower oxidation or metallic state 
producing CO2 and H2O (Figure 1).  
 
Figure 1: The scheme of Chemical Looping CO Production (CLCP) 
 
In the second step, the metal oxide is regenerated using CO2 thereby producing high purity 
CO which can be used as raw material for many applications in bulk chemicals 
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utilized in the reoxidation step is three times higher than that produced in the reduction 
step. Hence, chemical looping CO production (CLCP) is also termed a CO2 utilization 
process.  
A key issue in chemical looping processes is the selection of an appropriate metal oxide. 
Typically transition metal oxides such as Ni, Cu, Co, Mn and Fe are most widely used in 
chemical looping. Among these, iron oxides are the most widely preferred oxygen carriers 
due to their high oxygen storage capacity, excellent redox properties, low cost, abundant 
availability and low toxicity. The process economics are however governed by the 
stability of pure iron oxides. Due to high temperature of operation (> 650°C) pure iron 
oxides are challenged by rapid deactivation. In order to enhance the stability of iron 
oxides, these oxygen carrier materials have to be modified with promoter materials such 
as CeO2, MgO, Al2O3, and MgAl2O4. All the above materials mitigate sintering of iron oxides 
by acting as a physical barrier. Thus, these materials are named textural or physical 
promoters. However, CeO2 in addition to mitigating sintering also contributes to the redox 
activity, making it a chemical promoter. This thesis work has looked into several promoter 
materials for improved iron oxide stability. 
A series of XFe2O3-CeO2 (X = 10-80wt%) was prepared and tested in chemical looping. 
The incorporation of Fe into CeO2 led to the enhancement of redox properties of CeO2 
through the formation of a solid solution (Ce1-xFexO2-x). The lattice parameter evolution 
showed that the amount of Fe in the lattice of CeO2 levelled off after a loading of 
10wt%Fe2O3. This maximum amount dissolved (x in Ce1-xFexO2-x) was investigated using 
Ce-K edge EXAFS modelling. It showed that 21mol% of Fe was incorporated into the 
lattice of CeO2. In situ XRD, XAS, and TEM were used to identify phases, crystallite sizes, 
and morphological changes during repeated H2-reduction and CO2-reoxidation for the 
whole series of XFe2O3-CeO2. In the Ce-rich phase, XRD and XAS showed that deactivation 
was mainly due to solid-solid transformation of CeO2 and Fe2O3 into a perovskite CeFeO3 
phase. In the sample with highest iron oxide loading, sintering of iron was the major cause 
of deactivation (Figure 2). Nevertheless, 80wt%Fe2O3-CeO2 still stood out to be the best 
material during prolonged redox cycling with highest CO yield. 




Figure 2: Schematic representation of the deactivation study based upon redox cycling of 10wt% 
and 80wt% Fe2O3-CeO2. 
 
Next, series of XFe2O3 - MgAl2O4, - MgO or - Al2O3 (X=10-90wt%) as textural promoter 
materials were prepared. Among the different textural promoter materials, iron oxides 
modified with MgAl2O4 showed the best redox properties and high material stability in 
chemical looping. In order to investigate the origin of this enhanced performance, a 
detailed in situ XRD study along with Mössbauer spectroscopy was conducted. Those 
samples show the formation of a spinel phase, MgFeAlOx. High loadings of iron oxide (50-
90wt%) led to both spinel and Fe2O3 phases and show deactivation in cycling as a result 
of Fe2O3 particle sintering (Figure 3). During the reduction, reoxidation and cycling of the 
spinel MgFeAlOx phase, only limited sintering occur.  
 
Figure 3: Summary of reduction and reoxidation of X-Mg-Fe-Al-O materials with various loadings 
(X- loading of Fe2O3 from 10-90wt%). 
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The reduction of MgFe3+AlOx starts at 400°C and proceeds via partial reduction to 
MgFe2+AlOx. Prolonged cycling and higher temperatures (> 750°C) led to deeper 
reduction and segregation of Fe from the spinel. Very high stability and CO yield from CO2 
conversion are found in MgFeAlOx materials with 10wt% Fe2O3, i.e. the material bearing 
the lowest oxygen storage capacity among the tested samples. Compared to 10wt% Fe2O3 
supported on Al2O3 or MgO, the CO yield of the 10wt% Fe2O3-MgFeAlOx spinel is ten times 
higher. 
 
Figure 4: The shrinking core model of MgFeAlOx material during reduction.  
( ) MgFe3+AlOx and ( ) MgFe2+AlOx 
 
The structural transformations in this highly stable material were investigated using XAS. 
The XANES pre-edge feature, which represents a 1s to 3d transition, is an important 
means of identifying oxidation state and local structure. Pre-edge modelling showed that 
~55% of Fe3+ in 10wt%Fe2O3-MgAl2O4 could be reduced to Fe2+. Further, a shrinking core 
model which takes into account solid state diffusion was employed to describe the 
kinetics of reduction. A parameter β was defined towards the linear dependence of 
activation energy on conversion. The results show that the reduction of MgFe3+AlOx to 
MgFe2+AlOx by H2 is well described by means of a shrinking core model. For the first time 
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XANES pre-edge features were used to correlate changes in material structure and 
reaction kinetics (Figure 4).  
Catalyst-assisted chemical looping was investigated using a Co- and Ni- ferrite sample for 
the transformation of CO2 to CO while using methanol or ethanol as a reducers. The 
reduction step proceeds through the catalytic decomposition of methanol, or ethanol into 
CO+H2 or CO+H2+CH4 mixtures correspondingly, which reduce the oxygen storage 
material (Figure 5). 
 
Figure 5: Catalyst-assisted chemical looping of a bifunctional material. 
 
In order to preserve the oxygen storage property, these ferrites are modified with CeZrO2 
which shows high activity with CO2. Among the modified ferrites, Co-ferrites could 
repeatedly reduce and oxidize to a spinel CoFe2O4 (Figure 6a) without loss in oxygen 
storage capacity. In contrast, the CeZrO2 modified Ni-ferrites suffered from deactivation 
due to phase segregation (Figure 6b). In chemical looping with methanol and ethanol, 
80wt%CeZrO2-CoFe2O4 was the best performing material. Carbon formation during 
methanol led to an elevated CO yield upon reoxidation with CO2 (Figure 6c). In chemical 
looping with ethanol, both materials were able to decompose ethanol but the further 
conversion of CH4 could only be achieved through a pre-catalyst bed configuration.  




Figure 6: Redox properties evolution during the in situ XRD study of (a) 20wt%CeZrO2-CoFe2O4 
and (b) 20wt%CeZrO2-NiFe2O4. (c) The elevated CO yield in 80wt% CeZrO2-CoFe2O4 during 
chemical looping with methanol. (-----) CO yield calculated from theory (equation 6-2). 
 
The present work is focused towards the study on modification of iron oxides with various 
promoter materials and its effect on redox properties. The incorporation of Fe into CeO2 
and MgAl2O4 resulted in the enhancement of redox properties through the formation of 
solid solution (Ce1-xFexO2-x) and spinel (MgFeAlOx) respectively. Among the bifunctional 
Co- and Ni- ferrites, the modification with CeZrO2 lead to improved oxygen storage 
capacity of Co-ferrites. The various material transformations leading to this enhanced 
redox properties in all these materials have been investigated in detail using in situ XRD, 
















De opwarming van de aarde is verantwoordelijk voor de versnelde klimaatverandering, 
wat zowel de natuur als de maatschappij treft op tal van manieren. Dit is het resultaat van 
de toegenomen uitstoot van broeikasgassen in de afgelopen decennia. Onder deze gassen 
vertegenwoordigt CO2 de grootste antropogene uitstoot van broeikasgassen en vormt het 
bijgevolg een grote bedreiging. Daarom is het een noodzaak om de CO2-uitstoot te 
beperken. Recente technologieën gebaseerd op hernieuwbare brandstoffen, zoals zonne- 
en windenergie, winnen aan belang, maar staan nog niet op punt om de reeds bestaande 
technologieën op basis van fossiele brandstoffen te vervangen. Als alternatief kan 
koolstofdioxide worden benut door het om te zetten van een afvalproduct tot een 
bruikbare grondstof. 
Een van de opkomende technologieën voor het gebruiken van de CO2-uitstoot is een 
zogenaamd chemische kringproces. De eenvoud van de werkwijze ligt in het idee van het 
uitvoeren van verschillende deelreacties in opeenvolgende stappen om het gewenste 
product te verkrijgen. Het is een cyclisch proces uitgaande van periodieke reductie en 
heroxidatie van een zuurstofdragend materiaal, gewoonlijk een metaaloxide. In de eerste 
stap wordt het metaaloxide gereduceerd door de brandstof tot een lagere 
oxidatietoestand of een metallische toestand, waarbij CO2 en H2O worden gevormd 
(Figuur 1).  
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In de tweede stap wordt het metaaloxide geregenereerd met behulp van CO2, waarbij zeer 
zuiver CO wordt gevormd welke kan worden gebruikt als grondstof voor veel 
toepassingen in de productie van bulkchemicaliën. Bovendien, wanneer brandstoffen 
zoals CH4 worden gebruikt voor de reductie, is de hoeveelheid CO2 die wordt verbruikt in 
de re-oxidatie stap drie maal hoger dan geproduceerd in de reductiestap. Vandaar wordt 
het chemische kringproces met CO productie (CKCP) ook een CO2 verbruiksproces 
genoemd.  
Bij het chemisch kringproces is de keuze van een geschikt metaaloxide van primordiaal 
belang. Gewoonlijk worden transitie metaaloxides zoals Ni, Cu, Co, Mn en Fe het meest 
wijdverspreid toegepast in het chemisch kringproces. Hierbij zijn ijzer oxides de meest 
verkozen zuurstofdragers omwille van hun hoge zuurstof opslagcapaciteit, uitstekende 
redox eigenschappen, beperkte kost, overvloedige beschikbaarheid en lage toxiciteit. De 
proces economie wordt echter bepaald door de stabiliteit van zuivere ijzer oxides. Door 
de hoge werkingstemperatuur (>650°C) worden zuivere ijzer oxides getart door snelle 
deactivering. Om de stabiliteit van ijzer oxides te verbeteren, moeten deze 
zuurstofdragende materialen gemodificeerd worden met promotor materialen zoals 
CeO2, MgO, Al2O3 en MgAl2O4. Al deze materialen beperken het sinteren van ijzer oxides 
door hun optreden als fysieke barrière. Bijgevolg worden deze materialen texturele of 
fysieke promotoren genoemd. Echter, CeO2 draagt ook bij tot de redox activiteit bovenop 
het beperken van sintering, waardoor het een chemische promotor is. Dit thesiswerk gaat 
in op verschillende promotor materialen om de stabiliteit van ijzer oxide te verbeteren. 
Een reeks XFe2O3-CeO2 (X=10-80wt%) werd gesynthetiseerd en getest in een chemische 
kringproces. De opname van Fe in CeO2 leidde tot verhoogde redox eigenschappen van 
CeO2 door de vorming van een vaste oplossing (Ce1-xFexO2-x). De evolutie van de 
roosterparameter toonde aan dat de hoeveelheid Fe in het rooster van CeO2 afvlakt na een 
belading van 10wt% Fe2O3. Deze maximale opgeloste hoeveelheid (x in Ce1-xFexO2-x) werd 
onderzocht met behulp van Ce-K edge EXAFS modellering. Er werd aangetoond dat 
21mol% Fe werd opgenomen in het rooster van CeO2. In-situ XRD, XAS en TEM werden 
gebruik voor de identificering van fasen, kristalgrootte, en morfologische veranderingen 
gedurende herhaalde H2-reductie en CO2-re-oxidatie voor de reeks XFe2O3-CeO2. In de Ce-
rijke fase, toonden XRD en XAS aan dat deactivering voornamelijk het gevolg was van een 
vaste stof transformatie van CeO2 en Fe2O3 naar een CeFeO3 perovskiet fase. In het 
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monster met de hoogste ijzerbelading was het sinteren van ijzer de voornaamste oorzaak 
van deactivering (Figuur 2). Niettemin uitte 80wt%Fe2O3-CeO2 zich als het beste 
materiaal tijdens langdurige redoxcycli met de hoogste CO opbrengst.  
 
Figuur 2: Schematische voorstelling van het deactiveringsonderzoek, gebaseerd op de redox cycli 
van 10wt% en 80wt% Fe2O3-CeO2. 
 
Reeksen van XFe2O3 - MgAl2O4, - MgO of - Al2O3 (X=10-90wt%) als texturele 
promotormaterialen werden bereid. Van de verschillende promotormaterialen, 
vertoonde ijzer oxide gemodificeerd met MgAl2O4 de beste redoxeigenschappen en de 
hoogste materiaalstabiliteit voor chemische kringprocessen. Met het oog op het 
onderzoeken van de oorsprong van deze verbeterde prestatie, werd een gedetailleerd in-
situ XRD studie uitgevoerd alsook Mössbauerspectroscopie. Deze monsters toonden de 
vorming van een spinel fase, MgFeAlOx, aan. Hoge beladingen van ijzeroxide (50-90wt%) 
leidden tot zowel spinel als Fe2O3 fasen, en vertoonden deactivering in het kringproces als 
gevolg van de sintering van de Fe2O3 deeltjes (Figuur 3). Tijdens de reductie, de 
heroxidatie en de herhalende cycli van het spinel MgFeAlOx trad sintering slechts in 
beperkte mate op. De reductie van MgFe3+AlOx startte bij 400°C en verliep via de partiële 
reductie tot MgFe2+AlOx. Langdurige cycli en hoge temperaturen (> 750°C) leidden tot 
hogere reductie en segregatie van het Fe uit het spinel. Zeer hoge stabiliteit en CO 
opbrengsten uit CO2 conversie werden waargenomen bij MgFeAlOx materialen met 
10wt% Fe2O3, d.i. het materiaal met de laagste zuurstofopslagcapaciteit van de geteste 
monsters. Vergeleken met 10wt% Fe2O3 gedragen op Al2O3 of MgO, was de CO opbrengst 
van het 10wt% Fe2O3–MgFeAlOx spinel tien keer hoger. 




Figuur 3: Samenvatting van de reductie en re-oxidatie van X-Mg-Fe-Al-O materialen met 
verschillende beladingen (X- belading van Fe2O3 tussen 10 en 90wt%). 
 
De structurele transformaties waarin de stabiliteit van dit materiaal zijn oorsprong vindt, 
werden onderzocht met behulp van XAS. De XANES pre-edge piek vertegenwoordigt de 
transitie tussen 1s en 3d, en is een belangrijk kenmerk waarmee de oxidatietoestand en 
lokale structuur geïdentificeerd kunnen worden. Modelleren van de piek toonde aan dat 
~55% van Fe3+ gereduceerd kon worden tot Fe2+.  
 
Figuur 4: Het shrinking core model voor het MgFeAlOx materiaal tijdens reductie. 
( ) MgFe3+AlOx and ( ) MgFe2+AlOx 
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Vervolgens werd een shrinking core model toegepast dat vaste toestandsdiffusie in 
rekening brengt om de experimentele data te beschrijven. Een parameter, β, werd 
gedefinieerd om de lineaire afhankelijkheid van de activeringsenergie van conversie in 
rekening te brengen. De resultaten tonen aan dat de reductie van MgFe3+AlOx tot 
MgFe2+AlOx door H2 goed beschreven wordt door het shrinking core model. Voor het eerst 
werden dus pre-edge features gebruikt om veranderingen in materiaalstructuur te 
correleren met reactiekinetiek (Figuur 4). 
Een katalytisch-geassisteerd chemisch kringproces werd onderzocht gebruikmakende 
van een Co- en Ni-ferriet monster voor de omzetting van CO2 tot CO met methanol of 
ethanol als reductiemiddel. De reductiestap verloopt via de katalytische ontbinding van 
methanol, of ethanol, in respectievelijke mengsels van CO+H2 of CO+H2+CH4, welke het 
zuurstofhoudend materiaal reduceren (Figuur 5). 
 
Figuur 5: Katalytisch chemisch kringproces van een bifunctioneel materiaal. 
 
Om de eigenschap van zuurstofopslag te behouden, werden deze ferrieten gemodificeerd 
met CeZrO2, dewelke een hoge activiteit vertoont met CO2. Onder deze gemodificeerde 
ferrieten, konden de Co-ferrieten herhaaldelijk gereduceerd en geoxideerd worden tot 
een spinel CoFe2O4 (Figuur 6a) zonder verlies in zuurstofopslagcapaciteit. Daarentegen, 
ondervonden de CeZrO2 gemodificeerde Ni-ferrieten deactivering door fasesegregatie 
(Figuur 6b). In het chemisch kringproces met methanol en ethanol, was 80wt%CeZrO2-
CoFe2O4 het best presterende materiaal. Koolstofvorming in het geval van het methanol 
kringproces, leidde tot verhoogde CO opbrengsten bij heroxidatie met CO2 (Figuur 6c). Bij 
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het chemisch kringproces met ethanol, konden beide materialen ethanol ontbinden, maar 
verdere conversie van CH4 kon enkel worden bereikt met behulp van een pre-
katalysatorbed configuratie. 
 
Figuur 6: Evolutie van de redoxeigenschappen gedurende een in-situ XRD onderzoek van (a) 
20wt%CeZrO2-CoFe2O4 en (b) 20wt%CeZrO2-NiFe2O4. (c) Verhoogde CO opbrengst in 80wt% 
CeZrO2-CoFe2O4 gedurende een chemisch kringproces met methanol. (-----) Theoretische CO 
opbrengst (vergelijking 6-2). 
 
Het huidige werk is gericht op de studie van de wijziging van ijzeroxides met diverse 
promotormaterialen en het effect hiervan op de redoxeigenschappen. De opname van Fe 
in CeO2 en MgAl2O4 resulteerde in verhoogde redoxeigenschappen door de vorming 
respectievelijk van een vaste oplossing (Ce1-xFexO2-x) en een spinel (MgFeAlOx). Onder de 
bifunctionele Co- en Ni-ferrieten, leidde de modificatie met CeZrO2 tot een verbeterde 
zuurstofopslagcapaciteit van Co-ferrieten. De verschillende materiaaltransformaties die 
aanleiding gaven tot de verbeterde redoxeigenschappen in deze materialen werden in 








There is an increasing interest in cheap and abundant energy sources to meet the growing 
demands for power and chemicals. Currently, fossil fuel based technologies still continue 
to supply most of the global energy needs due to their low cost, energy density, and 
existing reliable technologies. The energy information administration within the U.S. 
department of energy estimates that consumption of fossil fuels (coal, petroleum, and 
natural gas) is projected to rise further over the next 20 years [1-3]. Even though non-
fossil fuel based technologies are expected to grow relatively faster, fossil fuel 
consumptions are expected to still account for 78% of energy use till 2040 [4-6]. Hence 
the dependence on fossil fuels in the near future is inevitable. 
 
Figure 1- 1: The CO2 emissions in the Earth’s atmosphere as recorded by the Mauna Loa 
Observatory, The National Oceanic and Atmospheric Administration, Hawaii. 
The carbon dioxide data: ( ) measured as the mole fraction in dry air and the ( ) 
seasonally corrected data [7, 8]. 
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The combustion of these fossil fuels is responsible for greenhouse gas emissions such as 
CO2, which is the major contributor towards global warming [9, 10]. With rapid 
industrialization, the CO2 emissions have increased from 280 ppm in the pre-industrial 
era to over 400 ppm [11, 12] in recent years (Figure 1- 1).  
The fossil fuel combustion in automobiles, industries and power plants are the major 
sources of CO2 emissions (Figure 1- 2). The only way to control emissions from 
automobiles is the use of alternate sources of energy such as fuel cells which produce zero 
CO2 [13-15]. On the other hand, emissions from industry and power plants can be 
controlled through transforming CO2 to value added fuels such as CO, CH4, CH3OH and 
other higher hydrocarbons [16-19].  
 
Figure 1- 2: The various contributing sources of CO2 emissions [20]. 
 
CO is an important compound of synthesis gas, which can in turn be applied towards 
production of liquid hydrocarbon fuels through processes such as Fischer-Tropsch [21, 
22]. Further, the conversion of CO2 to value added chemicals (e.g. CH4 and CH3OH) is 
achieved through processes such as catalytic hydrogenation and thermochemical 
conversion [23, 24]. CO2 can also be utilized in renewable technologies, such as solar 
driven reduction of CO2 but significant advancements need to be achieved towards 
lowering the temperature of operation [25-27]. The economics of these technologies are 
limited mainly by the availability of highly concentrated CO2 sources [28]. 
Conventionally, a stream of pure CO2 from industries is obtained through amine scrubbing 
of flue gases [29, 30]. Such concentrated stream of CO2 can be readily stored in geological 
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formations (such as depleted oil and gas fields, saline formations). This would lock up CO2 
over a long term, however the future implications of storing CO2 in this form are not fully 
understood [31, 32]. Hence, there is a need for developing more efficient alternatives 
towards CO2 separation and storage.  
One such technology, which possesses the potential to provide inherent separation of CO2 
from a feed is chemical looping (Figure 1- 3). It eliminates energy intensive gas–gas 
separation costs, thus potentially providing cost reduction benefits once it is fully 
commercialized. Further, this process can also result in utilization of CO2 by converting it 
into value added raw materials (CO, syngas) [33-35].  
 
Figure 1- 3: CO2 capture technologies-cost reduction benefits versus time to commercialization 
[36].  
 
1.1 CHEMICAL LOOPING 
The concept of chemical looping was first applied to produce pure hydrogen by “steam 
iron” processes in the early 1900s, but was soon industrially replaced by steam reforming. 
Later, this process was extended towards obtaining a pure CO2 stream by Lewis and 
Gilliland in their patent in 1954 [37]. In 1983, Richter and Knoche rediscovered chemical 
looping as a reversible combustion process, an alternative to the conventional 
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combustion process [38]. The actual term “chemical looping” was coined in 1987 by 
Ishada et al. [39] as a technology towards combustion and power generation. Later on, 
chemical looping emerged as an attractive concept to mitigate greenhouse gases such as 
CO2 because of its potential to capture CO2 at comparatively low cost. 
The chemical looping process is carried out by decomposing a given reaction into a series 
of sub reactions performed in separate reactors or as subsequent steps in a single reactor. 
This also enables the decoupling of endothermic and exothermic steps, and each of these 
individual steps can be further tuned to produce a specific product,  making it a unique 
application of this approach [19]. These sub reactions are performed using a solid 
mediator known as oxygen storage material, which is usually a metal oxide. This material 
is periodically regenerated through the progress of the sub reactions which results in a 
cyclic operation. 
In the first step, the metal oxide is reduced by a fuel (hydrogen, bio-gas, bio-ethanol, 
methanol) producing H2O or H2O + CO2. This is usually an endothermic step and the 
oxygen required for fuel conversion is provided by lattice oxygen from the oxygen carrier 
(equation 1-1). 
Here CnHm is a hydrocarbon fuel, MeO is a metal oxide and Me is metal. 
In the second step, the oxygen carrier material can be regenerated by using an oxidizing 
gas (e.g. air, H2O and CO2), this step is always exothermic.  
Depending on the oxidizing gas employed in the second step, chemical looping can be 
classified into the following types: 
(a) Chemical Looping Combustion (CLC) when air is used for reoxidation,  
(b) Chemical Looping Hydrogen Production (CLHP) when using H2O, and  
(c) Chemical Looping CO Production (CLCP) when CO2 is employed for reoxidation.  
1.1.1 Chemical Looping Combustion (CLC) 
The main advantage of the process is that the lattice oxygen from the solid oxygen carrier 
leads to combustion of the fuel in the reduction reactor (Figure 1- 4a) producing CO2 and 
CnHm + (2n +
m
2
)MeO ⇆ nCO2 +
m
2
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H2O in the first step. Thus, through condensation of H2O a pure stream of CO2 can be 
obtained which is ready for sequestration. The use of air or O2 in the oxidation reactor 
(Figure 1- 4a) results in regeneration of the oxygen storage material (equation 2) and 
release of heat which can be coupled to generate power.  
Thus this chemical looping process provides the advantage of inherent CO2 separation 
and power generation. This process is mainly employed towards combustion of fossil 
fuels along with combined heat and power generation. 
 
Figure 1- 4: The chemical looping reactor setup for different chemical looping systems. The 
reactor configuration for chemical looping (a) combustion, (b) H2 and (c) CO production. 
 
1.1.2 Chemical Looping Hydrogen Production (CLHP) 
This process is applied for high purity production of hydrogen which can be used as feed 
in fuel cells e.g. polymer electrolyte membrane fuel cells.  
Me + H2O ⇆ MeO + H2  (1-3) 
The first step is similar to CLC where combustion of fuel in the reduction reactor (Figure 
1- 4b) results in the production of CO2 and H2O. Subsequently, H2O is used in the second 
step (equation 1-3) for regeneration of the oxygen storage material (Figure 1- 4b), 
resulting in the production of high purity H2.  
Industrially pure H2 is produced through steam reforming followed by water gas shift 
reaction (WGS) at high (350°C-500°C) and low (200°C) temperatures. The WGS is 
(a) (b) (c)
Me + air(N2 + O2) ⇆ MeO + N2(inert from O2 depleted air) (1-2) 
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thermodynamically limited at high-temperature conditions and kinetically limited at low 
temperature conditions, thus requiring a two-stage process in industrial practice.  
In CLHP the reaction is broken down into two half reactions thus taking advantage of high 
reaction rates at high-temperature conditions. Since the steam employed in the oxidation 
step to produce H2 is never contacted with the fuel, typical problems with CO 
contamination of the hydrogen effluent are avoided. Thus, no extra step to purify 
hydrogen at lower reaction temperature is required in CLHP, thereby providing a route 
for producing high purity hydrogen along with the advantage of CO2 separation. 
1.1.3 Chemical Looping CO Production (CLCP) 
This process is aimed at conversion of CO2 to value added fuel molecules e.g. CO. The first 
step involves the reduction of metal oxide (Figure 1- 4c). In the next step, the metal oxide 
is regenerated using CO2 to produce high purity CO (equation 1-4).  
Me + CO2 ⇆ MeO+ CO (1-4) 
This process can be applied for converting hydrocarbons such as CH4 through reforming. 
In that case, CH4 is reduced to produce CO2 and H2O (equation 1-5).  
CH4 + 4MeO ⇆CO2 + 2H2O + 4Me (1-5) 
In the second step, the metal oxide is regenerated using CO2 (equation 1-4). Conventional 
dry reforming of methane (DRM) is one of the established pathways towards CO2 
utilization. However, its strong endothermic nature and expensive catalysts hinder the 
application of conventional DRM (equation 1-6). 
CH4 + CO2⇆ 2H2 + 2CO                         (1-6) 
Summing up the two half reactions, i.e. the reduction (equation 1-4) and reoxidation 
(equation 1-5) reactions, for a balanced amount of moles of metal oxide results in a 
“looping equivalent” of dry reforming (equation 1-7), known as chemical looping dry 
reforming (CLDR). 
CH4 + 3CO2 ⇆ 4CO + 2H2O (1-7) 
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This CLDR utilizes more CO2 in the reoxidation step (equation 1-4) than it produces in the 
reduction step (equation 1-5), when CH4 is used as fuel. The process can convert four 
times as much CO2 than being produced [35], hence, it maximizes the utilization of CO2.  
The objective of CLDR is to completely convert CH4 (equation 1-5) to CO2 and H2O, which 
yields a CO2 stream ready to be sequestered after condensation of H2O. Subsequently, CO2 
is used for regeneration of the metal oxide resulting in the production of CO. Thus the 
CLDR process is applied for CO2 utilization with capture of high purity CO2 whereas 
conventional catalytic dry reforming processes are aimed towards high syngas yield. 
Several variations of the process exist where the addition of a sorbent e.g. CaO, to the 
metal oxide results in the enhanced capture of CO2, especially if it is present in the feed 
stream as in the case of natural mixtures of CH4 + CO2, e.g. bio-gas. In a recent study, 
sorbent enhanced chemical looping was applied towards CH4 dry reforming. This led to 
an enhanced CO yield, coined ‘super-dry reforming’, which produced 3 times more CO 
than the normal reforming reaction [19]. Thus, chemical looping and its variations can be 
applied towards enhanced CO2 capture and utilization applications. The core of the 
chemical looping processes in all variations is the metal oxide or oxygen carrier material, 
which determines the feasibility of the process. Hence, special attention needs to be given 
to the selection and/or design of these materials. 
1.2 OXYGEN CARRIERS IN CHEMICAL LOOPING 
The selection of an oxygen carrier requires comprehensive evaluation of the 
physiochemical properties of the material. Properties of interest include oxygen content, 
heat capacity, melting points, long term stability, resistance to carbon deposition, cost and 
toxicity. The overall economics of the process depend on the stability of the oxygen carrier 
material. In addition, the oxygen carrier should show sufficient reactivity towards 
conversion of fuel to CO2 and H2O. Furthermore, apart from the above cited criteria, they 
should display the following characteristics: (i) resistance to sintering, (ii) 
environmentally benign and (iii) economically viable. 
Among these, the most important property of the oxygen carrier is its thermodynamic 
capability to exchange oxygen during reduction and oxidation cycles with various feed 
gases. The feasibility of the oxygen exchange can be estimated from the Gibbs free energy 
(∆Gr=reduction or oxidation,700oC
o ) values during a reaction, i.e. both reduction and oxidation. 
Based on ∆Gr,700oC
o  of individual reactions, for transitions to show ‘reasonable’ reactivity, 
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the difference in ∆Gr,700oC
o  for the reduction and oxidation reactions should be as low as 
possible.  
The ∆Gr ,700oC
o  for individual reactions at 700°C involving transitions between a Me or 
MeO1-x/MeO pair (Me= metal, MeO1-x = reduced metal oxide, MeO = fully oxidized metal 
oxide) have been calculated for the present study.  
 
Figure 1- 5: The ∆Gr,700oC
o  of various metal oxide transitions during reduction and oxidation 
reactions using different feed gases. The ∆Gr ,700oC
o values during the reduction/oxidation with (a) 
H2/H2O and (b) CO/CO2 as feed gases at 700°C.  
The ∆Gr ,700oC
o  for individual reactions were calculated using the reaction module in FactSage 6.4 
[40, 41]. 
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Based on this value of ∆Gr ,700oC
o , chemical reactions can be classified as reversible when 
the ∆Gr ,700oC
o  value ranges within approximately −50 kJ/mol and +50 kJ/mol, reactions 
tending strongly towards the reaction products for ∆Gr ,700oC
o  < −50 kJ/mol, and those 
presenting almost negligible conversion if ∆Gr ,700oC
o  > +50 kJ/mol. 
These ∆Gr ,700oC
o  values for the metal transitions vary with the feed used, hence a detailed 
thermodynamic study of the most widely applied metal oxide transitions along with 
different feed combinations (e.g. H2/H2O, CO/CO2, CH4/H2O and CH4/CO2) has been 
performed. 
When using H2 and H2O towards reduction and oxidation (Figure 1- 5a), values of 
∆Greduction,700𝑜C 
o < 0 and ∆Goxidation,700𝑜C  
o  > 0 are observed for transitions between 
Mn2O3/Mn3O4, CoO/Co3O4, VO/V2O5, VO2/V2O5, UO2/UO3, Cu2O/CuO, Fe3O4/Fe2O3, 
Ni/NiO, Co/CoO, WO2/WO3, Sn/SnO2 and FeO/Fe3O4. This indicates that these transitions 
are more favorable towards reduction with H2 than to oxidation with H2O. The transitions 
between VO/VO2, Fe/FeO, Mo/MoO2, Fe/Fe3O4, Mo/MoO2, In/In2O3, Zn/ZnO, and 
Ce2O3/CeO2 show ∆Greduction,700𝑜C  
o  > 0 and ∆Goxidation,700𝑜C  
o < 0, suggesting that these 
transitions are more favorable towards oxidation than reduction. 
However, the relative ease in transition between reduction and oxidation (∆Gr ,700oC
o  
between −50kJ/mol and +50kJ/mol) determines the applicability of these materials in 
chemical looping processes. Thus, redox transitions occurring between the redox couples 
of Co/CoO and In/In2O3 could be potential candidates for chemical looping with H2/H2O 
as feed combination. All of these materials can be applied for the CLHP process with H2 as 
reducer and H2O for oxidation.  
A similar thermodynamic analysis on ∆Gr ,700oC
o  during reduction was performed with CO 
as reducer and CO2 for oxidation (Figure 1- 5b). The redox transitions shifted to slightly 
higher ∆Gr ,700oC
o  values in comparison with the use of H2/H2O as fuels. The same 
transitions that were considered when using H2 and H2O as fuels can be applied towards 
CLCP process with CO as reducing feed.  
Further, the effect of using a hydrocarbon as fuel (e.g. CH4) for reduction with H2O/CO2 as 
oxidizing agents on ∆Gr ,700oC
o  values for these elements was examined (Figure 1- 6a&b). 
The shift in ∆Gr ,700oC
o during reduction was prominent in comparison to H2 or CO as 
reducing feed. Among the metal oxides considered, the transitions of Sn/SnO2, FeO/Fe3O4 
and VO/VO2 lie close to the region of interest. The transitions of Fe/FeO, Fe/Fe3O4, Fe/FeO 
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and Mo/MoO2 show reduction and oxidation ∆Gr ,700oC
o  values ( ∆Gr ,700oC
o between 
−50kJ/mol and +50kJ/mol) in the range for chemical looping applications with CH4 as 
reducer and H2O for oxidation (Figure 1- 6a). These transitions could find applications in 
chemical looping for H2 production with CH4 as reducing feed. 
 
Figure 1- 6: The ∆Gr ,700oC
o  of various metal oxide transitions during reduction and oxidation 
reactions using different feed gases. The ∆Gr ,700oC
o  during reduction/oxidation using (a) CH4/H2O 
and (b) CH4/CO2 as feed gases at 700°C.  
The ∆Gr ,700oC
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A similar analysis when using CO2 for oxidation (Figure 1- 6b) showed that the transitions 
of VO/VO2, Fe/Fe3O4, Fe/FeO and Mo/MoO2 remain in the region of repeated reduction 
and oxidation (∆Gr ,700oC
o  between −50kJ/mol and +50kJ/mol). Thus, these metal/metal 
oxide transitions could be applied in a CLCP process with CH4 as reducer [42-45].  
From the above mentioned thermodynamic analysis using various feeds for reduction and 
CO2 or H2O for oxidation, iron oxides stand apart even though possessing moderate 
∆Gr ,700oC
o values. In addition, iron oxides also possess superior mechanical properties and 
are abundantly available. Because of these advantages, iron oxides are excellent 
candidates for CLCP. 
1.2.1 Modified Iron oxides 
The efficiency of the chemical looping process can be defined in terms of the oxygen 
exchange capacity of the iron oxides. The decreasing oxygen exchange capacity over the 
time is the main challenge in the process. The iron oxides with high surface area tend to 
deactivate rapidly due to material sintering, which is largely an irreversible process 
[46]. Thus, these iron oxide materials are modified with various promoter elements to 
mitigate sintering and enhance the redox activity.  
The influences of 26 metal additives on the redox properties of the iron oxides were 
experimentally investigated by Otsuka et al. [47]. Among the investigated metals, Al, Mo, 
and Ce were found to preserve the oxygen exchange capacity of iron oxide and prevent its 
redox activity from decaying. The co-addition of Rh and Mo, Zr and Al accelerated the 
oxidation of the material at temperatures below 300°C. Although these metals enhanced 
the oxygen exchange capacity, they could not suppress the sintering. Then again, the 
addition of Cr cations [48, 49] to the iron oxides mitigated the sintering of the iron metal 
and/or iron oxides during the redox process at temperatures above 750°C.  
Further, the effect of adding small amounts of metals such as Pd or ZrO2 on the oxygen 
exchange capacity and stability of iron oxide was investigated by Urasaki et al. [50]. The 
addition of Pd enhanced both the reduction of iron oxide and the reoxidation of the 
metallic iron, whereas ZrO2 accelerated only the reoxidation. Sintering of the doped iron 
oxides was also slightly suppressed. 
The influence of SiO2, CaO and Al2O3 in various ratios with iron oxide was investigated by 
Thaler et al. [51].  They observed that iron oxide pellets without additives showed a 
  Chapter1  
12 
 
decline in oxygen exchange capacity due to sintering. Samples with more than 7.5wt% 
SiO2, less than 2.5wt% CaO and 5wt% Al2O3 were prevented from sintering to a large 
extent. 
The influence of CeO2, La2O3 and Ce0.5Zr0.5O2 as promoters for iron oxide was investigated 
by Galvita et al. [46]. The CeO2 or La2O3-promoted materials underwent solid−solid 
transformation into compounds with lower oxygen capacity (CeFeO3 or LaFeO3), 
resulting in a loss of oxygen exchange capacity. On the other hand, iron oxide promoted 
by Ce0.5Zr0.5O2 showed high stability and oxygen exchange capacity in the chemical 
looping process. The influence of the Fe2O3−Ce0.5Zr0.5O2 oxide composition along with the 
effect of Mo, Cu and Mg metal additives on the stability and redox activity were studied. A 
sample containing 80wt%Fe2O3 gave the highest redox activity during the reduction and 
reoxidation cycles compared to other oxide composition ratios. The Mo species 
impregnated on Fe2O3−Ce0.5Zr0.5O2 inhibited the interaction between iron oxide particles 
during the redox cycles and resulted in mitigated sintering of the iron species. The Mo-
impregnated sample was stable over 100 redox cycles.  
Most of the metal additives aforementioned, enhance redox properties by mitigating 
sintering, but certain promoter materials also contribute towards the redox activity of the 
reaction in addition to providing a physical barrier. Thus, these promoter materials 
deserve an in depth investigation to provide insights about the structural and chemical 
transformation leading to enhanced activity. Among the latter, CeO2 stands out as it has 
high activity towards methane oxidation by lattice oxygen, as well as reasonable CO2 
reoxidation capacity [52, 53]. CeO2 has a fluorite structure with Ce4+ cations surrounded 
by eight equivalent O2- at the corners of the cube.  
Additionally, the existence of a redox couple between Ce4+ and Ce3+ facilitates the storage 
and transport of oxygen from the bulk structure. The interaction between CeO2 and a 
dopant MeOx (Me= Mn, Fe or Cu) results in enhanced redox properties in comparison to 
pure CeO2 [35, 54]. This interaction can be established through the formation of a solid 
solution when the smaller Fe3+ cations dissolve in the ceria structure through the 
substitution of larger Ce4+. This results in the contraction of the lattice parameter of CeO2 
and in relatively smaller crystallites in comparison to pure CeO2. The evolution of the 
Fe2O3–CeO2 structure as a function of composition from inductively coupled plasma (ICP), 
Scanning transmission electron microscopy (STEM) and electron energy-loss 
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spectroscopy (EELS) is shown in Figure 1- 7 [35]. For small amounts of Fe, a solid solution 
is formed. Larger loadings result in separate phases of Ce-Fe solid solution and iron oxide. 
 
Figure 1- 7: The schematic representation of the structural changes in CeO2 with incorporation of 
Fe2O3 based on ICP, STEM and EELS [35]. 
 
The substitution of Ce4+ ions by lower valence cations such as Fe3+ results in an oxygen 
vacancy, or lattice defect which is considered to be the most reactive site. Both surface 
and bulk oxygen vacancies tend to form within CeO2, the former being suitable for 
adsorption purposes. These vacancies rapidly transfer oxygen from the bulk to the surface 
of the oxygen storage material through vacancy diffusion or even oxygen tunnels formed 
by vacancies. This is also observed during the material reduction with fuels such as CH4 
where the oxygen for fuel oxidation is rapidly transferred from bulk to surface more 
rapidly in Fe2O3–CeO2 mixed materials than in pure Fe2O3 [55]. This was ascribed to the 
modification of CeO2 with Fe2O3, enabling the creation of oxygen vacancies in the solid 
solution. Therefore, the formation of Ce–Fe solid solution plays an important role in redox 
properties. 
The enhanced reducibility upon interaction between Ce and Fe can thus improve the 
reactivity of Fe2O3 toward selective CH4 oxidation. According to a CH4-TPR study on pure 
CeO2 and Fe2O3–CeO2 samples [55], the removal of the most reactive oxygen in the mixed 
materials mainly occurs at temperatures 500-550°C, resulting in the complete oxidation 
of CH4 to CO2, while CO is the main product at higher temperature (> 600°C). Pure CeO2 
shows a high CH4 oxidation activity at a temperature around 650°C due to the high 
consumption rate of surface lattice oxygen. In comparison to the profile of CeO2, 
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Ce0.9Fe0.1O2−δ shows a dramatic decrease in producing CO2 but correspondingly an 
increase in production of partial oxidation products. With increasing content of Fe, the 
volumetric concentration of CO2 and CO gradually increase until the Fe loading reaches 
0.5. The Fe2O3–CeO2 mixed oxides with Fe content above 0.5 fail to increase the 
conversion of CH4 and show a decline in CO selectivity, which is due to the increasing 
amount of pure Fe giving deep oxidation products. Therefore, an equal weight loading of 
Fe and Ce show maximum reactivity towards the redox reactions [35, 56].  
The oxidation reaction of reduced Fe and CeO2–x as second step in a chemical looping 
process can run through stages reverse to those involved in the reduction (equations 1-8 
& 1-9): 
Fe → FeO →Fe3O4 (1-8) 
CeO2-x → CeO2 (1-9) 
The further oxidation of Fe3O4 to Fe2O3 can only be achieved by application of gaseous 
oxygen. The conventional TPO profiles (Figure 1- 8a) of the reduced samples [35] display 
a major CO2 consumption peak around 475°C. Based on Figure 1- 8b&c, the latter 
corresponds to a combination of phase transition of Fe into Fe3O4 and reoxidation of the 
partially reduced CeO2. The dominating contribution depends on the ratio of CeO2 to 
Fe2O3. The CO2-TPO profile for 10wt%Fe2O3–CeO2 presents an additional peak at 400°C 
suggesting the presence of a second reoxidation process, e.g. of the mixed Fe2O3–CeO2 
phase, next to the reoxidation of bulk CeO2 at 475°C. Time resolved in situ XRD data during 
CO2-TPO for all Fe2O3–CeO2 samples show the characteristic Fe diffraction, which gives 
way to diffraction peaks of Fe3O4. An example is depicted in Figure 1- 8b. The temperature 
at which the phase transition occurs increases with increasing iron oxide content from 
475°C for 10wt%Fe2O3–CeO2 up to 525°C for 50 and 80wt%Fe2O3–CeO2. No intermediate 
FeO phase is apparent. Formation of FeO strongly depends on reaction temperature and 
gas composition, further at temperature lower than 600°C FeO does not form. 
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Figure 1- 8: (a) Conventional CO2-TPO of Fe2O3–CeO2 samples; (b) time resolved XRD pattern 
recorded during CO2-TPO for 70Ce–Fe; (c) CeO2(111) position from XRD during CO2-TPO for the 
XFe2O3–CeO2 (X=20-90wt%) samples. All TPO measuring conditions: 20°C/min, pure CO2 was 
used towards reoxidation [35]. 
 
To study the Fe-Ce solid solution separately, CeO2 modified iron oxide with low Fe loading 
(5wt%Fe:CeO2) was recently applied towards toluene total oxidation [57]. The structural 
changes during the reaction such as sintering and local chemical state were investigated 
using STEM (Figure 1- 9a-f). The nano particles suffered from sintering (Figure 1- 9a). 
The EELS maps of the inset region (Figure 1- 9b) after 10 chemical looping cycles with 
toluene show that the bulk remains in Ce4+ (Figure 1- 9c), while both the surface of the 
ceria nanoparticle and the grain boundary area are reduced to the Ce3+ (Figure 1- 9d). The 
iron was found to be present in the form of small clusters (Figure 1- 9e) decorating the 
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grain boundaries, with particle sizes ranging from 1 to 3 nm. The overview image of the 
EELS map shows the overall mapping of the Ce4+ and Ce3+ along with Fe (Figure 1- 9e).  
In order to determine the oxidation state of the iron dopants before and after chemical 
looping, the fine structure of the Fe L2,3 edge was investigated (Figure 1- 9g ). The cycled 
sample showed the presence of both Fe3+ and Fe2+. The enhanced activity was attributed 
to the dopant Fe3+ in the solid solution and the surface Fe2+ species. Toluene is oxidized 
on the Fe species at the surface and dissolved iron in the solid solution, while carbon 
dioxide is reduced at the Ce sites. The transfer of electrons and oxygen ions between Ce 
and Fe ensures the fast regeneration of available sites. Thus the incorporation of Fe or 
inclusion of Fe in the form of a solid solution is essential for retaining the high activity and 
enhanced redox properties. 
 
Figure 1- 9: The overview image of 5wt%Fe:CeO2−x after 10 redox cycles; HAADF-STEM images 
showing an (a) overview of two sintered ceria nanoparticles and (b) the mapped region together 
with (c) Ce4+, (d) Ce3+, (e) Fe and (f ) color overlay of the Ce4+, Ce3+ and Fe EELS maps. (g) EELS 
Fe L2,3 edges for the (1) 10 times cycled 5wt% Fe : CeO2−x sample and the (2) as-prepared 5wt%Fe 
: CeO2−x sample together with Fe2+ and Fe3+ reference spectra [57]. 
 
However, when subjected to prolonged chemical looping cycles the Fe3+ incorporated in 
the lattice of CeO2 could be extracted, thus leading to separate phase of mixed oxides. 
Further this prolonged cycling also results in solid-solid transformation to a perovskite 
(g)
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phase (CeFeO3) resulting in deactivation. The amount of Fe that can be incorporated into 
the lattice of CeO2 and the stability of this phase during prolonged cycling of the material 
has been reported recently [58], and the details are also discussed in chapter 3. 
In addition to the redox promoters like CeO2, a second class of materials, termed as 
physical or textural promoters (e.g. MgO, Al2O3 and MgAl2O4), promote activity by 
mitigating sintering. These prevent contact between two adjacent iron oxide particles by 
acting as a physical barrier.  
 
Figure 1- 10: (a) The time resolved in situ XRD diffraction pattern of 50wt%Fe2O3-MgO during 
first two chemical looping cycles*. The SEM images of (b) as prepared and (c) 10 times cycled 
sample at T= 750°C.  
*All the isothermal cycles were performed with alternate pulses of 5mol%H2/He and 
100mol%CO2 with 100mol%He purge in between. All gas flow rates were 1.1 Nml/s and each gas 
was pulsed for a duration of 4 min.† 
 
To study the effect of textural promoter materials, iron oxides were modified with MgO. 
For the investigated XFe2O3-MgO (X= 50-90wt%) system, in samples with loading of 
†Unpublished data: chapter 4 
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Fe2O3 between 50-70wt%, a MgFe2O4 predominant phase was observed. Both MgFe2O4 
and Fe2O3 phases were identified at Fe2O3 loadings > 80wt%. The success of the materials 
in chemical looping is determined by the nature of the phases formed as a result of 
synthesis and also during the reaction. Hence to investigate the redox behavior of 
MgFe2O4 which was present in all the loadings a redox study on 50wt%Fe2O3-MgO was 
performed.  
During an isothermal in situ XRD cycling study (Figure 1- 10a), diffraction peaks 
corresponding mainly to MgFe2O4 (2θ= 43.2°, 53.6°, 57.1°) were observed. No peaks of 
separate Fe2O3 (2θ= 40.8°, 49.5°, 54.1°) were identified. Upon reduction with H2, MgFe2O4 
decomposed to metallic Fe (2θ= 44.7°) and (FeO)x(MgO)1-x (2θ= 42.3°). In the 
subsequent CO2 reoxidation the reduced phases oxidized to spinel MgFe2O4 and MgO. In 
the cycles that followed, the oxidation state of Fe mainly alternated between Fe3+ and 
Fe2+, i.e. MgFe2O4 and (FeO)x(MgO)1-x. A separate MgO phase was always present after 
CO2 reoxidation. Thus the material underwent deactivation due to phase segregation. The 
scanning electron microscope (SEM) images of as prepared (Figure 1- 10b) and cycled 
sample (Figure 1- 10a) also showed rapid sintering. This could be due to the inability of 
MgO to act as an effective physical barrier, as also evidenced by the phase segregation. 
Thus, the promotion of Fe2O3 with MgO, led to the formation of MgFe2O4 during the 
synthesis itself, which was unable to control sintering, but rather underwent phase 
segregation which also leading to deactivation.  
In order to prevent this strong promoter-iron oxide interaction during synthesis, 
materials such as Al2O3 are preferred where no spinel phase between Fe2O3 and Al2O3 is 
formed as a result of synthesis. The as prepared materials showed only diffraction 
patterns corresponding to Fe2O3 (2θ= 40.8°, 49.5°, 54.1°), no peaks of Al2O3 (2θ= 45.6°, 
56.7°) were observed. During the isothermal in situ XRD study (Figure 1- 11a) at 750°C, 
the formation of metallic Fe with a transition from Fe3O4 (2θ= 43.1°, 56.9°) to FeO (2θ= 
41.9°) was observed during the reduction with H2. Spinel FeAl2O4 (2θ= 44.4°, 55.1° ,58.8°) 
was also identified. During the CO2 reoxidation pulse the metallic Fe reoxidized but the 
spinel FeAl2O4 diffraction patterns remained stable together with the appearance of 
Fe3O4.  
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Figure 1- 11: (a) The time resolved in situ XRD diffraction patterns of 50wt%Fe2O3-Al2O3 during 
first two chemical looping cycles*. The SEM images of (b) as prepared and (c) 10 times cycled 
sample at T= 750°C. 
*All the isothermal cycles were performed with alternate pulses of 5mol%H2/He and 
100mol%CO2 with 100mol%He purge in between. All gas flow rates were 1.1 Nml/s and each gas 
was pulsed for a duration of 4 min. † 
 
Thus the metallic Fe formed during reduction could either reoxidize back to FeAl2O4 or 
Fe3O4 during the first cycle. In the subsequent cycles the diffraction peaks of Fe3O4 
remained faint indicating the material oxidized between a Fe2+ in spinel FeAl2O4 to 
metallic Fe. Thus prolonged cycling led to a solid-solid transformation to FeAl2O4. This is 
in agreement with a recent study where complete transformation to a spinel FeAl2O4 was 
observed at this temperature [59]. However, the SEM images of the as prepared (Figure 
1- 11b) and 10 times redox cycled sample (Figure 1- 11c) showed that this combination 
of Fe2O3 and Al2O3 controlled sintering of Fe2O3 better in comparison to MgO promoted 
Fe2O3. Although these transformations can lead to stability in the prolonged operation by 
†Unpublished data: chapter 4 
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preserving the crystallite size, the formation of FeAl2O4 is accompanied by a loss in oxygen 
storage capacity.  
Recently, these Al2O3 modified Fe2O3 materials were applied in a prolonged redox stability 
study [59]. Two loadings of iron oxides i.e. 90wt%Fe2O3-Al2O3 and 70wt%Fe2O3-Al2O3 
were investigated for the stability. In 90wt%Fe2O3-Al2O3 the CO production declined 
continuously over 100 cycles (Figure 1- 12), so the sample did not achieve a steady-state 
behavior. For the other investigated sample 70wt%Fe2O3-Al2O3 the CO generation 
dropped steeply during the first 10 cycles, but reached a steady-state after about 20 cycles 
showing a stable CO yield. It follows that an increased alumina content lowers the CO yield 
but is however beneficial for the material stability. 
 
Figure 1- 12: CO yield over 100 cycles for 90wt%Fe2O3-Al2O3 and 70wt%Fe2O3-Al2O3 at 750°C.          
(  ) 90wt%Fe2O3-Al2O3, (  )70wt%Fe2O3-Al2O3 [59].  
 
High resolution-transmission electron microscopy (HR-TEM) was employed to study the 
structural changes in the as prepared and post reaction state of the modified iron oxide 
materials. The TEM images of 90wt%Fe2O3-Al2O3 and 70wt%Fe2O3-Al2O3 are shown in 
Figure 1- 13. For 90wt%Fe2O3-Al2O3, the TEM image of the as prepared sample (Figure 1- 
13a) shows particles with an average size of ~30nm. 
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Figure 1- 13: STEM images of (a) fresh 90wt%Fe2O3-Al2O3, and post reaction images after (b) 7 
and (c) 100 cycles; The STEM images of 30%Fe2O3-Al2O3 (d) prior to reaction and after exposure 
to alternating H2 and CO2 environment after (e) 7 and (f) 100 cycles [59]. 
 
The post reaction HR-TEM micrographs after 7 and 100 cycles are shown in Figure 1- 
13b&c, respectively. They show an overall increase in particle size due to prolonged 
cycling. The sample subjected to 7 redox cycles reveals a particle size of ~65nm while 
after 100 cycles it amounts to ~140nm. The TEM images of the fresh 70wt%Fe2O3-Al2O3 
(Figure 1- 13d) exhibit a similar morphology with a particle size distribution around an 
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average of ~25nm. The TEM images after redox treatment (Figure1- 13 e&f) also exhibit 
an increase in particle sizes, with ~40nm and ~78nm after 7 and 100 cycles respectively.  
The increase in particle size is attributed to sintering. However, as seen from comparison 
of 90wt%Fe2O3-Al2O3 and 70wt%Fe2O3-Al2O3, the phenomenon of sintering is reduced by 
loading more Al2O3, which acts as a physical barrier and hinders the physical contact 
between adjacent particles, thus preventing agglomeration. Hence, the average particle 
size remains much smaller in the samples with high amount of alumina.  
In order to control the phenomenon of spinel formation between iron oxides and 
promoter materials such as MgO and Al2O3, iron oxides can be modified with spinel such 
as MgAl2O4, where the interaction between a Mg2+ and Al3+ is much stronger than that 
with Fe3+. However, the interaction of Fe3+ with MgAl2O4 can result in the formation of 
MgFeAlOx. It is usually the result of substitution of Al3+ with Fe3+ in MgAl2O4 which leads 
to stabilization and enhancement of reducibility properties. In the context of chemical 
looping, pure MgAl2O4 based materials have been extensively applied as Fe2O3 promoters. 
Fe2O3 supported on inert MgAl2O4 proved to perform well as an oxygen carrier both for 
CLC and for the steam–iron reaction [60-62].  
1.2.2 Bifunctional materials: catalyst-assisted chemical looping 
Bifunctional materials exhibit both oxygen storage capacity and catalytic properties. 
When using hydrocarbon materials such as CH4 in CLDR, the products of reduction, CO2 
and H2O, limit the kinetics of the reduction step. 
Moreover, when using iron oxides CH4 remains mostly unconverted, so in order to 
overcome this drawback an extra catalyst component is required to convert CH4  to CO 
and H2 [34, 63]. These products in turn reduce the oxygen storage materials producing 
CO2 and H2O. The CO2 so obtained can be sequestered. In the next step the material is 
oxidized using CO2 to produce high purity CO. 
The most widely employed materials towards conversion of CH4 are Ni based catalysts. 
The Ni based catalysts suffer from deactivation due to carbon formation. Hence, they are 
modified with materials such as CeO2 which show high oxygen mobility and activity under 
CH4.  
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In chemical looping dry reforming the material must provide an optimum activity towards 
conversion of CH4 and also convert the CH4 decomposition products (CO + H2) completely 
to CO2 and H2O. Hence, this material must show characteristics of both catalyst and 
oxygen carrier, making it bifunctional. 
 
Figure 1- 14: The reduction and reoxidation of 5wt%Ni/Fe2O3-CeO2 during catalyst-assisted 
chemical looping [34]. 
 
The modification of Fe2O3-CeO2 with Ni, has shown great promise towards feed containing 
a natural mixture of CH4 + CO2. During the reduction this feed mixture is converted to CO 
and H2, which in turn reduce the oxygen storage component. The reduction of Ni/Fe2O3-
CeO2 to the alloy Ni3Fe and metallic Fe during H2-TPR is shown in Figure 15a. The alloy 
formation has been verified experimentally.  
 
Figure 1- 15: The variations during in situ H2-TPR of 5wt%Ni/Fe2O3-CeO2. (a) Integral intensity 
variation for diffractions areas 43.4–44° (NiO), 44.4–44.8° (Ni) and 42–42.5° (FeO)(b) CeO2(111) 
position during H2-TPR; variation of CeO2(111) peak position for: (○) pure CeO2;(Δ) Fe2O3-CeO2; 
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A similar H2-TPR study was conducted on Ni-free materials: bulk CeO2 and Fe2O3-CeO2. 
The changes in the peak position of CeO2 (111) at 2θ = 29o (Figure 15b) showed a 
downward shift indicating partial reduction. As this shift does not occur in pure CeO2, and 
only to a small extent in Fe2O3-CeO2, this partial reduction is induced by addition of Ni 
leading to a deeper reduction of the oxygen carrier. Subsequently, feeding of CO2 for 
reoxidation of the reduced material yields CO. The CO yield was proven to be 10 times 
higher than for Fe2O3-CeO2 without Ni catalyst [34].  
Moreover, the oxygen mobility within the material enables the removal of carbon from 
the surface of the bifunctional material, further enhancing the CO yield. In a recent study, 
for dry reforming at reaction temperature of 600°C, the 5wt%Ni/Fe2O3-CeO2 bifunctional 
material showed reduction to Fe (region I) and a Ni3Fe alloy during the CH4+CO2 pulse 
(Figure 1- 16). After an inert flow of He to purge it was followed by reoxidation using CO2.  
 
Figure 1- 16: Time-resolved in situ XRD of 5wt% Ni/Fe2O3-CeO2 patterns during 
reduction/oxidation cycles at 600°C. The arrows indicate the region of Fe reduction (I) and 
subsequent reoxidation (II), followed by disappearing Fe3O4 diffraction and re-appearance of FeO 
and subsequently Fe in He flow after sample reoxidation by CO2 (III). The sequence of gas 
environments is indicated at the top [34]. 
 
During the reoxidation step the alloy Ni3Fe oxidized to Fe3O4 (region II) and diffraction 
peaks corresponding to the formation of NiFe2O4 appear as shoulders but go unnoticed 
due to the low amount of Ni. After the reoxidation pulse, during the inert injection of He, 
it was observed that Fe3O4 transformed to metallic Fe (region III). This is due to the 
reoxidation of surface carbon by the lattice oxygen of the iron oxides. The in situ XRD 
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proves to be a powerful tool to provide structural insights, suggesting that oxygen 
mobility from the lattice resulted in the reoxidation of carbon deposited in the reduction 
step.  
The overall oxygen capacity of the material determines the duration of catalytic activity 
and therefore the extent of carbon formation on the surface. Usually, formation of coke 
would be responsible for deactivating the catalytic effect of the nickel catalyst particles by 
fouling of their active sites. Therefore, periodic regeneration of the material is required, 
as is provided in a chemical looping process, which consists of the two steps of reduction 
and reoxidation occurring in a cyclic and discontinuous manner. In addition to restoring 
the oxygen in the oxygen carrier, the reoxidation step removes the surface carbon and 
eventually gives rise to a higher yield of CO compared to the theoretical value 
corresponding to complete oxidation of Fe to Fe3O4.  
An alternative towards catalyst-assisted chemical looping is provided by materials such 
as spinel ferrites (AB2O4), having both a catalytic component (A = Co or Ni) and oxygen 
storage elements (B = Fe). These materials do not require any additional modification 
with catalyst component unlike the mixed iron oxide based oxygen carriers. Both Ni- and 
Co- ferrites have shown remarkable activity and stability during reforming with CH4. The 
Ni- ferrites show high initial activity but later suffer from rapid deactivation, the Co-
ferrites show a low initial activity but promising stability which could be applied in a 
chemical looping process [64].  
Further these ferrite based materials have also been applied towards reforming of 
alcohols such as methanol, ethanol and bio-ethanol for the production of value added fuels 
such as syngas. In that case, in the second step of chemical looping the bifunctional 
material is regenerated using H2O/CO2 resulting in high purity H2/CO2 [65-67]. During 
prolonged cycling, these materials suffer from deactivation due to phase segregation.  
The in situ XRD study on these bulk CoFe2O4 materials showed that during H2 reduction 
(Figure 1- 17a) the peaks of CoFe2O4 (2θ = 35.4°and 43.1°) reduced to an alloy of CoFe 
(2θ = 45.3°) at~400°C through a short transition to FeO (2θ = 41.9°) at~380°C. During 
the consequent CO2-TPO (Figure 1- 17c) the alloy CoFe reoxidized to a separate Fe3O4 
phase (2θ = 35.5°and 43.1°) and metallic Co (2θ = 44.3°). Hence, the material  suffered 
from phase segregation and thereby a loss in oxygen storage capacity. 
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The bulk NiFe2O4 materials followed a similar trend during H2 reduction (Figure 1- 17c). 
The NiFe2O4 phase (2θ = 35.7°and 43.4°) transformed to FeO (2θ = 41.9°) at ~380°C and 
further to an alloy of NiFe (2θ = 45.3°) ~400°C. Further, the CO2 reoxidation (Figure 1- 
17d) showed peaks of separate Fe3O4 (2θ = 35.5°and 43.1°) and alloy NiFe phases. The 
peaks of this alloy remained stable during reoxidation. Thus, the redox study showed that 
both ferrites reduced at similar temperatures and could not cycle back to the as prepared 
state after CO2 reoxidation,  leading to a loss of oxygen storage capacity. Thus, it is 
necessary to enhance the properties of these ferrites using promoter materials which 
could help preserve the catalytic activity and stability of these materials. 
 
Figure 1- 17: In situ XRD patterns during H2-TPR and CO2-TPO in bulk ferrites. The (a) H2-TPR and 
(b) CO2-TPO of CoFe2O4. The (a) H2-TPR and (b) CO2-TPO of NiFe2O4 
A ramp rate of 20°C/min was used during H2-TPR and CO2-TPO. 5mol%H2/He and 100mol%CO2 
were employed for reduction and reoxidation. All gas flow rates were 30 Nml/s.  
 
Possible promoter materials are CeO2 and CeZrO2 which can also contribute towards the 
activity of the material. The use of bifunctional materials towards chemical looping 
provides an interesting alternative to utilize CO2 through an increasingly interesting 
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1.3 CHALLENGES AND HOW TO OVERCOME 
Chemical looping is a prospective technology in terms of producing value added chemicals 
(e.g. CO, CO+H2) along with potential ‘in situ’ CO2 capture and utilization applications. The 
flexibility of chemical looping results from the resolution of the process into various sub 
steps which can be tailored to produce specific products. The core of the process is the 
oxygen carrier material. The stability and redox activity of this oxygen carrier determine 
the economics of the process. 
Iron oxide materials possess the desired characteristics towards the CLCP process in 
terms of thermodynamics, oxygen transport and physical properties. However, pure iron 
oxides tend to deactivate rapidly, hence various textural and chemically active promoter 
materials are needed to modify them. 
The most interesting materials in the category of chemically active promoters are CeO2 
materials. The redox activity of CeO2 additionally contributes towards the reaction 
through formation of a solid solution with Fe2O3. So far, the behavior of this solid solution, 
with various solid-solid transformations during the reaction leading to material 
deactivation, has not been studied in detail. This would however throw light on the 
deactivation mechanisms and allow to propose alternative approaches to design these 
materials. 
The textural promoters on the other hand mitigate sintering, but suffer from deactivation 
due to solid-solid transformation. A novel MgAl2O4 modified iron oxide to minimize solid-
solid transformation between Fe and Mg/Al has been investigated. Stability or oxygen 
storage capacity is the main issue. 
The concept of CO2 utilization through catalyst-assisted chemical looping has also been 
applied towards conversion of different liquid fuels (e.g. CH3OH and C2H5OH) to value 
added chemicals. The bifunctional ferrite materials have been tested towards the CO2 
utilization through reforming of alcohols. 
The structural changes that modified iron oxides undergo will be addressed using 
different characterization techniques such as in situ XRD and XAS. The structural insights 
provided can be utilized towards understanding the nature of deactivation. This would 
throw light on the mechanisms leading to deactivation. These insights can be used in 
oxygen storage material design which is the key component for the development of novel 
chemical looping processes.  
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The main goal is to illustrate how structural and compositional design of both the metal 
component and the support structure can have strong impact on the performance of the 
chemical looping process. Tailoring of the catalytic sites and oxygen carrier material can 
result in strong enhancements to the CLCP processes. 
1.4 OUTLINE OF THE THESIS 
This PhD thesis comprises 7 chapters: the present introduction, a material and methods 
chapter, four result chapters and a conclusions chapter with future perspectives. 
 
Chapter 2: It includes the description of experimental methods, methodology towards 
catalyst preparation, testing and software used for XAS and XRD analysis. 
 
Chapter 3: a detailed investigation on the deactivation of Fe2O3-CeO2 is presented. XAS 
and in situ XRD have been employed to study the factors behind deactivation during 
chemical looping. 
 
Chapter 4: This includes the findings on a novel oxygen carrier material MgFeAlOx in 
chemical looping. The stability and redox activity on a series of materials have been 
reported. 
 
Chapter 5: The pre-edge analysis on the spinel MgFeAlOx has been carried out to quantify 
amount of Fe3+ and Fe2+ during the reaction. This information has been used towards the 
development of a shrinking core model. 
 
Chapter 6: The application of Co- and Ni- ferrites for catalyst-assisted chemical looping 
with methanol and ethanol have been investigated. The structural changes and activity 
have been reported. 
 
Chapter 7: This summarizes the conclusions obtained from the findings in this thesis and 
future perspectives are discussed. 
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This chapter comprises two sections, the first (section 2.1) describes the details of 
material preparation and the screening methodology of the oxygen storage materials. The 
second (section 2.2) gives a brief overview of the main characterization tools used in this 
work. 
2.1 MATERIAL PREPARATION AND SCREENING 
In this section the methodology adopted towards the synthesis and screening of the 
oxygen storage materials is discussed. 
2.1.1 Synthesis 
The material preparation was carried out using the co-precipitation method. This 
approach involves the synthesis of a multi-component oxide material by obtaining a 
“mixed” precipitate consisting of two or more insoluble species which can be separated 
from the solution through filtration. The precursors used in this method are mostly 
inorganic salts (nitrates, chlorides, sulfates, etc.) that are dissolved in water or any other 
suitable medium to form a homogeneous solution with clusters of ions. The solution is 
then subjected to pH adjustment or evaporation to allow these salts to precipitate. The 
crystal growth and their aggregation are influenced by the concentration of precursor, 
temperature and the rate of pH change. After precipitation, the solid mass is dried by 
heating to remove the water or solvent. This is followed by an extra calcination step 
necessary towards the formation of crystalline oxides. 
In the present study the co-precipitation method has been employed to prepare various 
oxygen carrier materials. The iron oxides modified with chemically active promoter 
materials (e.g. CeO2), textural promoters (e.g. MgO, Al2O3 and MgAl2O4) and bifunctional 
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Co- and Ni-ferrite materials have been synthesized using this approach. The precursors 
and process conditions have been described below in detail. 
2.1.2 Chemically active promoters: Fe2O3-CeO2 
Fe2O3-CeO2 materials with 10 and 80wt% Fe2O3 were prepared. The following chemicals 
were used as precursor materials for the synthesis of mixed oxides: Fe(NO3)3.9H2O 
(99.99%, Sigma-Aldrich®) and Ce(NO3)3.6H2O(99.99%, Sigma-Aldrich®). All samples 
were prepared via one pot co-precipitation by NH4OH. The precipitate was then separated 
by filtration, followed by drying in an oven at 120°C for 10 hours. The samples were 
calcined at 650°C for 6 hours. In addition to the above materials, 50wt%Fe2O3-CeO2 was 
synthesized by co-precipitation and subjected to 10 cycles of TPR-TPO up to a 
temperature of 950°C as pre-treatment. This material was used for comparison of 
perovskite (CeFeO3) redox properties with the cycled materials.  
2.1.3 Textural promoters: Fe2O3-MgO/Al2O3/MgAl2O4 
Mg-Fe-Al-O materials were prepared in a one pot synthesis with varying loadings of Fe2O3 
(10, 20, 30, 50, 70, 80, 90 and 100wt%). Also, to compare the effect of different promoters, 
similar loadings of Fe2O3 with Al2O3 and MgO were synthesized. The following chemicals 
were used in the preparation of the mixed oxides: Fe(NO3)3.9H2O (99.99%, Sigma-
Aldrich®), Mg(NO3)2·6H2O (99.99%, Sigma-Aldrich®), Al(NO3)3.9H2O (98%, Sigma-
Aldrich®). All samples were prepared via co-precipitation by NH4OH. The precipitate was 
then separated by filtration, followed by drying in an oven at 120°C for 14 hours. The 
resulting samples were calcined at 750°C for 6 hours.  
2.1.4 Bifunctional materials: CeZrO2-CoFe2O4/NiFe2O4  
Bifunctional materials with varying promoter loadings (XCeZrO2-CoFe2O4/NiFe2O4, X = 0, 
20, 50, 80wt%) were synthesized by means of co-precipitation. The following precursors 
were used: Fe(NO3)3.9H2O (99.99%, Sigma-Aldrich®), Co(NO3)2.6H2O (99.99%,Sigma-
Aldrich®), Ni(NO3)2.6H2O (99.99%, Sigma-Aldrich®), Ce(NO3)3.6H2O (99.99%, Sigma-
Aldrich®) and ZrO(NO3)2.xH2O (99.99%, Sigma-Aldrich®). The pH was controlled by 
dropwise addition of NH4OH under constant stirring. The precipitate obtained was 
recovered and dried in an oven at 120°C for 12h. All materials were then calcined at 650°C 
for 6 hours each and at 750°C for the chemical looping process with ethanol. 
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2.1.5 Screening of oxygen storage materials 
All the as prepared materials were tested for their redox properties in the conventional 
temperature programmed reduction (TPR) and temperature programmed oxidation 
(TPO) reactor setup. Based on the evaluation of redox properties the stability of these 
materials during prolonged chemical looping was tested in a step response reactor. 
2.1.5.1 Conventional TPR-TPO setup 
The redox behavior of the different samples was investigated using H2-TPR and CO2-TPO 
in an Autochem II 2920, Micromeritics setup. About 30-60 mg of sample was pretreated 
in a He stream at 100°C for 30 min prior to running the H2-TPR experiment and then 
cooled to room temperature in He. The H2-TPR was carried out by ramping the sample to 
the reaction temperature in a reducing feed gas (5mol%H2 in argon). The sample was 
cooled to room temperature under helium flow and then subjected to CO2-TPO under CO2 
flow (100mol%). During both H2-TPR and CO2-TPO, the temperature was linearly ramped 
at a constant rate which is typically 20°C/min. Similar gas flow rates were used during 
both reduction and reoxidation experiments. The material reduction was followed by 
monitoring the change in the effluent composition using a thermal conductivity detector. 
In addition, the CO2 and H2 consumption were monitored by an Mass Spectrometer (MS) 
(OmniStar, Pfeiffer Vacuum). 
2.1.5.2 Stability experiments 
The isothermal stability experiments were performed in the step response setup at 
atmospheric pressure using a quartz tube reactor (internal diameter(i.d.): 10 mm). The 
setup can be divided broadly into three sections: feed, reactor and analysis sections 
(Figure 2- 1). A detailed flow diagram (Figure 2- 2) along with the list of symbols (Figure 
2- 3) is shown. The advantage of the setup is that it allows to choose between various feed 
gases or liquids (that will be vaporized) and an inert flow through the reactor. Thus, it 
provides flexibility to perform reactions under various feed specifications without 
changing the reactor conditions of temperature and pressure. The main advantage of this 
setup is fast switching between different feed streams through a fast switching four way 
valve to perform experiments in chemical looping approach. This enables the users to 
simulate a “step response” or an “alternate pulse” experiment in the desired feed 
conditions.  













Figure 2- 2: The flow diagram of the step response setup with feed, reactor and analysis sections located at Laboratory for Chemical Technology 
(LCT), Ghent University. 




Figure 2- 3: The list of symbols used in the flow diagram in Figure 2-2 
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2.1.5.3 Feed section  
The feed section (Figure 2- 4) can be categorized into gas and liquid vapor supply sections, 
allowing to introduce various gas and liquid vapor feed streams into the reactor. The inlet 
flow rates are always maintained by means of calibrated Brooks or Bronkhorst mass flow 
controllers (MFCs). 
 
Figure 2- 4: Overview of the feed selection section. 
 
2.1.5.3.1 Gas feeding 
This section enables the feeding of various gas mixtures including hydrocarbons (e.g. CH4, 
C2H6, C3H8…..), oxidizing gases (e.g. CO2, O2) and other gases such as H2, He and Ar. A 
summary of various possibilities of gas feeds are listed in Table 2- 1.  
2.1.5.3.2 Liquid vapor feeding 
The unit can dose liquid through a pressure vessel (Figure 2- 4) using a Coriolis MFC. 
Further the liquid is vaporized in an evaporator (Max T ~ 180°C) downstream of the 
Coriolis MFC. In addition, a saturator can be used when an additional vapor feed is 
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required, an inert gas from MFC-7 is used for that purpose. All the liquid feeding lines 
towards the reactor inlet are heated. In the present work the vapor feed has been dosed 
though the Coriolis MFC. 
 
Table 2- 1: The overview of the mass flow controllers with their feed specifications. 
S. No Mass flow controller Gas stream Flow range 
(Nl/hr) 
1 MFC-1 (Bronkhorst) Helium (He) / Argon (Ar) 0-60 
2 MFC-2 (Bronkhorst) Hydrogen (H2) / Hydrocarbon 0-20 
3 MFC-3 (Bronkhorst) Oxygen (O2) 0-20 
4 MFC-4 (Brooks-Coriolis) Liquid feed 0-50* 
5 MFC-5 (Bronkhorst) Helium (He) / Argon (Ar) 0-60 
6 MFC-6 (Brooks) Helium (He) / Argon (Ar) 0-160 
7 MFC-7 (Bronkhorst) CH4 (Internal standard) 0-12 
8 MFC-8 (Brooks) Hydrocarbon 2 0-70 
9 MFC-9 (Brooks) Diborane (B2H6) 0-20 
10 MFC-10 (Brooks) Carbon dioxide (CO2) 0-60 
*Flow rate units in g/h 
 
2.1.5.3.3 Defining a feed composition  
The choice of various available options towards preparing a gas or/and vapor feed 
mixture for chemical looping experiments is described in detail. 
     2.1.5.3.3.1 Feed selection 
The chemical looping experiments have been performed using a pair of reducing and 
oxidizing gases with an inert gas purge in-between the two redox sequences. The selection 
between a reducing/oxidizing or inert gas flow through reactor or purge is determined 
by a fast switching four way valve (Figure 2- 4). In addition to the fast switching four way 
valve, the choice of gas flow towards reactor or vent (by passing the reactor) is also 
determined by the choice of the feed selection valves upstream of the MFC’s (Figure 2- 4). 
The MFCs: MFC-1, MFC-4, MFC-5, MFC-6 and MFC-8 can only flow through the reactor in 
one fixed configuration of the four way valve. In contrast, the MFCs: MFC-2, MFC-3 and 
MFC-10 have been provided with an additional feed selection valve (Figure 2- 5) which 
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allows gas streams to flow either through the reactor or towards the purge. For a fixed 
position of the fast switching four way valve, the gas flows through the reactor when the 
left had side valve (V-23) is open (Figure 2- 5a), while with the right hand side valve (V-
23a) (Figure 2- 5b) open gas flows through the vent. This increases the flexibility of 
feeding reacting gases through the reactor. Through an appropriate choice of these MFC’s, 
chemical looping experiments can be performed. These MFC’s have been used towards 
the design of a sequencer which is an automated program designed for the fast switching 
of the four way valve along with the modulation of gas flow rates towards chemical 
looping experiments. The sequencer is designed for H2 and CO2 redox cycles with He 
purge in between. 
 
Figure 2- 5: The position of the valves of MFC-2 enabling the gas to flow through (a) the reactor 
and (b) vent configurations. 
 
The time duration and gas flow rate are chosen according to the experiment. During a 
reaction when a particular reacting gas (e.g. H2 or CO2) is flowing through the reactor, 
simultaneously the inert gas (He or Ar) is flowing through the purge. Thus when there is 
a switch, the inert gas mixture flows through the reactor. This allows to simulate a step 
response by admitting  a sudden gas pulse. The reactions are repeated in this sequence 
for chemical looping operation. The experiments for catalyst assisted chemical looping 
(using methanol and ethanol) were carried out without a sequencer by manually 
alternating between a reducing and reoxidizing pulse with inert flow in-between. 
2.1.5.4 Reactor section  
Depending on the reaction to be performed a choice between a quartz reactor or a 
stainless steel reactor was made. Each reactor is approximately 470 mm long with an 
(b)(a)
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internal diameter of 8.3 mm. The experiments mentioned in this thesis have been carried 
out in a quartz reactor at 1 bar. The bed temperature inside the reactor is measured by a 
K-type thermocouple which can be placed inside the reactor (Figure 2- 6). The material 
inside the reactor can be heated to the reaction temperature using three heating zones. 
The feed outlet of the reactor is connected to a sampling port towards online analysis in 
the MS. 
  
Figure 2- 6: The overview of the reactor with the catalyst bed. 
 
2.1.5.5 Analytical section 
The reactor effluents were analyzed using an OmnistarTM (Pfeiffer Vacuum) mass 
spectrometer (QMS 200) with capillary sampling.  
2.1.5.6 Redox stability 
The chemical looping experiments in this thesis can be categorized into two types: (a) 
H2/CO2 and (b) alcohol/CO2 (methanol/CO2, ethanol/CO2, and ethanol-water 
mixture/CO2). An inert gas (e.g. He or Ar) is pulsed in between reducing and reoxidizing 
sequences to prevent the mixing of these gases. The H2/CO2 experiments were performed 
to investigate the redox stability of the oxygen carriers, whereas the alcohol/CO2 
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experiments were focused on testing the bifunctional material towards catalyst assisted 
chemical looping. 
All the experiments were carried out in a quartz tube reactor (i.d. 10 mm), with 
approximately 100 mg of material packed between quartz wool plugs. The experiments 
were carried out at two different temperatures, depending on the reducing agent. The 
total gas flow rate (typically 5Nml/s) in the reactor was kept constant for reducing, 
oxidizing and purge gases by means of Brooks mass flow controllers. 
The consumption of reducing and oxidizing gases during the process was monitored 
online using a the MS, whose response was systematically calibrated with reference gases.  




 (2-1)  
YCO =  Yield of CO produced (mol kg
−1);  
nCO =  Mole of CO produced (mol); 
Wo = Mass of oxygen storage material in the reactor (kg); 
In order to compare the results with steady-state processes, multiple reactor operation in 
series was examined for a continuous production of CO. The CO space time yield for a 
multi-tubular reactor concept was calculated by simulating its steady-state chemical 
looping operation based on a single reactor. Such a multi-tubular reactor configuration is 
similar to a multi-column configuration in a pressure-swing adsorption (PSA) process, 
where each column is cycled between adsorption and regeneration, allowing continuous 
processing of a given feed stream. The space time yield was determined based on the 
concept that all single reactors are operated in chemical looping regime, but one after the 
other, i.e. with a delay relative to the previous one. Thus, by switching the feed flows of 
reducing and reoxidizing gases at discrete time intervals, there is continuous operation of 
each reactor and eventually generating a permanent periodic regime for the multi-tubular 
reactor concept [1, 2]. The time delay and the number of reactors in operation are based 
on the experimental results obtained for a single reactor. This space time yield is then 
determined by summing the contributions of all single reactors and subsequent division 
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STYM = Space time yield from the multi − tubular reactor configuration (mol kg
−1 s−1 ); 
STY = Space time yield of CO (mol kg−1s−1); 
FCO =  Outlet molar flow rate of CO (mol CO s
−1); 
Wo = Mass of oxygen storage material in a single reactor (kg); 
Nox = Number of reactors in oxidation mode(−) 
2.2 MATERIAL CHARACTERIZATION 
The structural changes in the oxygen storage materials were followed using various 
characterization techniques such as X-ray diffraction (XRD), X-ray absorption 
spectroscopy (XAS) and Transmission electron microscopy (TEM).  
2.2.1 X-ray Diffraction (XRD) 
X-ray Diffraction (XRD) is the most widely used method to identify the crystalline phases 
in a material. X-rays are electromagnetic radiation of very short wavelength (λ ≈ 10-10 m) 
which are ideal to probe interatomic distances. X-rays were discovered by Wilhelm 
Conrad Röntgen in 1895, later in 1911 the German physicist Max von Laue came up with 
the idea of sending X-rays through crystals [3-5]. In the coming years X-ray analysis for 
crystals was developed by Sir William Henry Bragg and Sir William Lawrence Bragg, for 
which they were awarded the Nobel prize in 1915 [6]. Since then X-rays became the most 
widely used tool for the investigation of molecular structure. 
The Bragg law is based on the constructive interference of X-rays scattered from parallel 
planes in the material under investigation. When the Bragg condition (equation 2-3) is 
satisfied by the angles between X-rays and planes, the diffracted X-rays interfere 
constructively. This results in a diffraction peak being recorded at an angle 2θ with 
respect to the incident beam.  
n λ =2dsinθ (2-3) 
In the present study, ex situ XRD measurements have been recorded using a Siemens 
Diffractometer Kristalloflex D5000, with Cu Kα radiation (0.154 nm). The powder 
patterns were collected with a step between 0.02°-0.04° and 30s counting time per angle. 
The use of in-situ XRD characterization techniques offers several advantages. The most 
important being the ability to capture crystallographic information leading to various 
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phase transformations in the sample during reaction. In the present study this setup has 
been used to identify the phase transformations during H2-reduction and CO2-
reoxidation. The in situ XRD measurements were performed in a Bruker D8-AXS Discover 
setup (Figure 2- 7), equipped with a Cu Kα (0.154 nm) X-ray source [7-9]. The 
crystallographic changes were followed using a linear Vantec detector with 2θ range of 
20° with an angular resolution of 0.1°.  
 
Figure 2- 7: The Bruker D8-AXS Discover setup for in situ XRD. 
 
The reactor chamber is equipped with a Kapton foil window to allow X-ray transmission. 
10 mg of powdered sample is evenly spread on a single crystal Si wafer. Interaction of the 
catalyst material with the Si wafer was never observed. Before each experiment, the 
reactor chamber was evacuated to a base pressure of 4 Pa by a rotation pump. Gases were 
supplied to the reactor chamber from a gas rig with calibrated MFC’s.  
The phase identification was performed by comparing the XRD pattern with known 
reference patterns from an XRD database. An accurate phase identification analysis was 
performed using the XRD analysis software: DIFFRAC.EVA (V4.2.0.31, software package 
available from Bruker). It allows the simultaneous comparison of the XRD spectra with 
various known reference compounds. This enables an accurate identification of the 
phases present in the material. The different powder diffraction pattern files for various 
phases have been presented in the Appendix A. In addition to this, quantitative 
information can also be obtained in the form of crystallite size using the Scherrer equation 
[10]: 





(β − b) cosθ
 
(2-4) 
The parameter of instrumental width (b) is calculated from ae reference measurement of 
LaB6. This parameter eliminates the instrumental broadening effect on the crystallite size 
during a measurement. The details of the peak fitting are presented in Appendix.  
2.2.2 X-ray Absorption spectroscopy (XAS) 
X-ray Absorption spectroscopy (XAS) is a widely used technique for determining the local 
geometric and/or electronic structure of matter [11-14]. In this process, an incident X-ray 
is absorbed by an electron in a tightly bound quantum core-level (such as the K or L level) 
and expelled to an unoccupied states above fermi level (continuum in Figure 2- 8a). This 
phenomenon is a function of the absorption probability of an X-ray, which is a function of 
the binding energy of the electron. There is a dramatic increase in probability for the 
absorption of an X-ray whose energy is equal to the binding energy of the electron in 
comparison to the absorption probability of an X-ray with slightly less energy [15-17]. 
This variation gives rise to a sharp feature known as the absorption edge (Figure 2- 8b). 
The excitation of an electron from the innermost shells, i.e. n=1 or n=2, results in a K- or 
L- edge [18-20].  
 
Figure 2- 8: (a) The X-ray absorption process through the photoelectric effect resulting in the 
absorption of an incoming X-ray and ejection of a photoelectron to the continuum. (b) The XAS 
spectrum of FeO [21]. 
 
A typical XAS spectrum (Figure 2- 8b) is recorded by varying the X-ray energy (E) 
gradually from below to above the edge energy (Eo). The absorption of the X-rays with 
kinetic energy greater than the binding energy of the electron results in the interaction of 
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this photoelectron with neighboring atoms. The excited photoelectron will typically be 
scattered by the surrounding atoms, leading to signal interference. This modulated signal 
contains detailed information on the atomic structure of the materials. The electronic 
properties can be obtained from the X-ray absorption near edge structure (XANES, E – E0 
≤ 50 eV), while structural information is derived from the extended X-ray absorption fine 
structure (EXAFS, E – E0 ≥ 50 eV) region. 
The XAS studies require a varying X-ray energy (E) to measure the data below and above 
the edge energy with high resolution, this can be achieved only at synchrotron X-ray 
sources. The synchrotron produces X-ray radiation of different wavelengths with high 
intensity and flux, which results in an improved signal to noise ratio of the data and 
shorter acquisition times as compared to the conventional lab sources [22]. One such 
excellent light source which can produce X-rays with extraordinary brilliance is 6 GeV 
European Synchrotron Radiation Facility (ESRF), Grenoble, France. 
 
Figure 2- 9: The schematic view of the European Synchrotron Research facility (ESRF), Grenoble, 
France [23]. 
 
The main components of the synchrotron are shown in Figure 2- 9. The electrons are 
accelerated in a 16m long linear accelerator (Linac) before entering a small, racetrack 
shaped booster accelerator. Once they have attained their final speed (at an energy level 
of 6 GeV), these high-energy electrons are injected into a ultra-high vacuum storage ring 
(Figure 2- 9). In these storage rings the electrons are accelerated through bending 
magnets and through insertion devices, also called undulators to release X-rays. 
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At selected stations, the X-rays enter one of the 43 beamlines, or experimental hutch, each 
specialized towards a technique or area of research. The present study has been carried 
out mainly at the Dutch-Belgian beamline for the Fe-K and Ce-LIII measurements 
(DUBBLE, BM 26) and partly at Swiss Norwegian beamline (SNBL, BM 01B) both of the 
ESRF. 
The advantage of using EXAFS in comparison to techniques such as XRD is that it does not 
require a long range order. Then again, techniques such as X-ray photoelectron 
spectroscopy, as well as other electron spectroscopy such as Auger, also provide 
electronic information but require ultrahigh vacuum conditions. Given the fact that EXAFS 
makes use of high energy X-rays for probing the local environment, it is ideal for studying 
materials under reaction conditions [24-26]. The details of the data processing and EXAFS 
modelling are discussed in the following section. 
2.2.2.1 Data processing  
The intensity of an incoming beam (I) of X-rays through a material is proportional to the 
absorption characteristics of the material being irradiated. For a path length dx through 
the material, the change in incident intensity dI with the linear absorption coefficient 
μ(E) a function of the photon energy is given by equation 2-5 
dI = −μ(E)Idx (2-5) 




Alternatively, the above equation 2-6 can be rearranged to represent the absorption 









The absorption coefficient, commonly represented as the total absorption μx is 
proportional to ln(I0⁄It). To obtain an optimum S/N ratio during experiments a μx = 2.5 
above the edge and/or an edge step Δμ(E)x = 1 is preferred. In order to meet these 
criteria, either the sample thickness x, or the sample concentration can be adjusted (e.g. 
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by dilution with weakly-absorbing BN). The sample thickness can be controlled by 
varying the diameter of the reactor or the pellet thickness. The sample has to be as 
uniform as possible for a good signal quality. The grain size of the catalyst powder is 
preferably in a range of 75 – 100 μm, which can be achieved by sieving.  
XAS measurements during reaction were recorded using a quartz capillary reactor 
connected to a gas rig system [27]. A 5-10 mg of material with appropriate dilution was 
loaded in between 2 quartz wool plugs. The temperature was raised with a uniform ramp 
rate through a gas blower available at the synchrotron (Figure 2- 10a). The incoming X-
rays (Io) incident on the sample as well as the transmitted X-rays (It) are measured by 
ionization chamber detection, and then used to plot the XAS spectra. The zoom of the gas 
blower heating the sample to reaction temperature along with the reactor setup is shown 
in Figure 2- 10b. Temperature and flow calibrations are performed to estimate the 
deviation between set point and real time values before the start of an experiment. 
 
Figure 2- 10: The experimental setup in the hutch. (a) The quartz capillary with a mounted 
blower to ramp temperature. (b) The zoom of the gas blower with the capillary holder along 
with the quartz capillary. 
 
2.2.2.2 Data reduction 
This step aims at eliminating background signal arising due to instrumentation and 
absorption from other edges. The following steps have to be followed towards proper data 
reduction.  
1. Normalization 
The normalization of XAS spectrum involves two important steps: 
a) Subtract a smooth pre-edge function from μ(E) by means of a linear function.  
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b) The maximum of the first derivative of the spectrum is denoted as the edge 
energy Eo. Once the edge energy is determined, normalization of the data is 
pursued by regression of a quadratic polynomial beyond the edge. The 
difference between the linear pre-edge function and the post-edge polynomial, 
extrapolated to the edge energy E0, is used as the normalization constant, 
μ0(E0), in the definition of the EXAFS signal. 
 
2. A smooth post-edge background function to approximate the atomic background 
(μ0(E)). Background subtraction is performed using an empirical background 
spline (e.g. AUTOBK algorithm [28]) which determines a distinction between data 
and background in terms of Fourier components. By means of a smoothing factor, 
the background is optimized and is chosen not to remove any oscillations of the 
data signal. 
 
3.  Isolate the EXAFS signal 𝛘(𝐤) 
The atomic background μ0 is subtracted from the normalized absorption spectrum and 
subsequently the resulting (μ − μ0) is divided by the same atomic background, yielding 
(μ − μ0)/ μ0(E0) = χ(E), i.e. the EXAFS signal.  
 
Figure 2- 11: The various data reduction steps implemented for a FeO XAS spectrum. (a) the pre-
edge and post-edge background functions. (b) A normalized spectrum. (c) A smooth atomic 
background µ0(E) obtained after normalization. (d) The transformed k space EXAFS signal χ(k) 
[21].  
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eventually resulting in the k-space EXAFS signal χ(k).  
 
2.2.2.3 Extended X-ray Absorption Fine structure (EXAFS) 
The EXAFS region is typically taken as starting 20–30 eV above the edge jump. At these 
energies, the X-ray excited photoelectron has significant energy, according to the 
photoelectric effect in which an X-ray is absorbed by a core-level electron with binding 
energy E0, a photoelectron with wavenumber k is created and propagates away from the 
atom. Quantum mechanically the outgoing photoelectron can be represented as a 
spherical wave [29]. Since the absorption coefficient depends on whether there is an 
available electronic state (that is whether there is an electron at the location of the atom 
and at the appropriate energy and momentum), the presence of the photoelectron 
scattered back from the neighboring atom alters the absorption coefficient. Thus, the 
EXAFS photoexcitation cross-section is modulated by the interference between the 
outgoing and the back-scattered photoelectron waves. The physical origin of EXAFS is 
thus electron scattering, and EXAFS can be thought of as a spectroscopically detected 
scattering method, rather than as a more conventional spectroscopy.  
The transition between two quantum states (from an initial state with an X-ray, a core- 
electron, and no photoelectron to a final state with no X-ray, a core-hole, and a 
photoelectron), can be described with Fermi’s golden rule [30-32]. The initial core-
electron is independent of the environment around the X-ray absorbing atom, as electrons 
at higher energy levels shield the deeper lying core-electron. For this reason, the final 
electron state is the most important factor, inducing the oscillations in the X-ray 
absorption coefficient.  
The outgoing photoelectron is subsequently scattered by the X-ray absorber’s neighbors, 
yielding electron waves, which are backscattered towards the original X-ray absorbing 
position. The final electron state therefore consists of a superposition of the outgoing and 
backscattered electron waves, which interfere depending on the X-ray energy. The 
amplitude and frequency of these modulations depends on the absorbing element, the 
number and disorder of the absorber’s neighbors as well as on the interatomic distances 
between absorber- scatterer pairs. 
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The total 𝜒(E) signal is a superposition of all the separate backscattered photoelectron 
path contributions. These paths can be either single scattering (SS) or multiple scattering 
(MS) paths. MS paths are dominant at low k-values (k < 3 Å−1) – in the so-called ‘XANES 
MS region’ – and involve more than one neighboring scattering atom, e.g. two for double 
scattering. The SS paths are always located in higher k-regions (k > 3 Å−1) and involve 
only backscattering by a single absorber neighbor [17, 33]. Several theories have been 
reported to describe the phenomenon of EXAFS in a quantitative way [32, 34-36]. The 
most simplistic description is based on the plane-wave approximation. This was originally 
only applicable for SS paths (k > 3 Å−1) but was reformulated later by Rehr et al. to 
describe MS paths [37]. According to this widely used – reformulated – plane wave 
description, the EXAFS signal χ(k) can be described as below [29].  

















sinϕj(k) = sin (2kRj + δj(k)) 
The EXAFS equation (equation 2-8 ) consists of two main parts, the amplitude Aj(k) and 
a sine function describing the interference pattern. Both describe the actual oscillatory 
evolution of the EXAFS fine structure. 
 
So
2 : The amplitude reduction factor, which accounts for the energy loss of the 
photoelectron caused by many-body effects. 
Rj: the photoelectron half-path length of path j and equal to the average interatomic 
distance between the  X-ray absorber and the scatterer for single scattering (SS) paths. 
Nj: is the number of equivalent scattering paths j, representing the coordination number 
for SS paths. 
Fj(k)
eff : effective photoelectron backscattering amplitude function of the scatterers in path 
j. 
Experimental Procedures         
55 
 
δj(k): The phase factor which accounts for the effect of the atomic potentials of absorber 
and scatterer. 
σj : Debye-Waller bond length disorder factor, which corresponds to the average squared 
deviation in interatomic absorber-scatterer bond length. 
λ(k): The energy dependent mean-free path distance of the photoelectron,  accounting for 
the finite lifetime of the excited state. 
 
The above described EXAFS equation assumes a Gaussian distribution of the absorber-
scatterer bond lengths around the average value of Rj. Therefore, by interpreting the 
EXAFS data using the aforementioned equation, EXAFS can give us structural information 
such as:  
- Distances R between central and neighboring atoms  
- The number of neighboring atoms (i.e. coordination number N) 
- The degree of disorder around the absorber (σj, or Debye-Waller factor) 
- The nature of neighboring atoms (i.e. their approximate atomic number)  
- Changes in central-atom coordination with changes in experimental conditions  
2.2.2.3.1 Data analysis 
The analysis of EXAFS data can be divided into two stages: proper data reduction (as 
described in section 2.2.2.2) to obtain good quality extraction of χ(k) data and analysis of 
this data to obtain structural parameters (Nj, Rj and σj). Data reduction involves both 
normalization and fitting of a smooth atomic background signal in view of the extraction 
of the EXAFS signal χ(k). A proper k weight must be selected to obtain an optimum signal 
quality towards the modelling. After this step, the χ(k) data is transformed to R-space. 
Thus, the EXAFS signal χ(k) is Fourier transformed to |χ(R)| in order to have a better 
visualization of the constituent signals. Further structural refinement is usually 
performed in the |χ(R)|. 
To fit the structural parameters, it is necessary to first determine the fixed parameters 
which define the scattering such as Fj(k)
eff , So
2, λ(k), that are obtained either by experimental 
extraction from reference materials, or by theoretical ab initio calculation [38-40]. Data 
analysis is then focused towards optimizing the variable parameters in equation 2-8, so 
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as to give the best fit to the observed data using a non-linear least-squares fitting 
procedure.  
Using carefully calibrated and accurate data it is possible to obtain after refinement 
excellent accuracy for EXAFS bond length determination [41]. The correlation between Nj 
and σj leads to a prediction of Nj with relatively less accuracy. Despite these limitations, 
the ability to provide structural information, particularly highly accurate bond lengths, 
for non-crystalline systems, has made EXAFS an extremely important tool in coordination 
chemistry. In this work, the data reduction and modelling were performed using the 
Athena and Artemis modules respectively in the Demeter 0.9.24 software package [42]. A 
well refined fit obtained using Artemis is shown in Figure 2- 12 [43].  
 
Figure 2- 12: Fourier transformed k2 -weighted EXAFS signal of 10wt%Fe2O3-CeO2 and ki -
weighted (i = 1, 2 and 3) fit (dashed line) with Fe incorporated CeO2 model Ce1-xFexO2-x and x = 
0.21. The upper part represents the modulus of FT, whereas the lower part is the imaginary part 
Im[FT{k2χ(R)}]. The dotted rectangle indicates the window fitting range. No phase correction was 
used.  
( ) EXAFS signal of 10wt%Fe2O3-CeO2, ( ) fit and ( ) fitting window [43].  
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Typically, absorber–scatterer interactions are grouped into ‘‘shells.’’ A shell can be 
defined as a group of similar scatterers at approximately the same distance from the 
absorber. A non-linear least-squares fitting algorithm is then used to model the observed 
data using equation 2-8. A frequently encountered challenge is to determine whether the 
inclusion of an additional shell (i.e., an additional term in equation 2-8) is justified. Since 
data are available only over a finite k range and since there is always some noise, 
particularly at high k, it can be difficult to distinguish true improvements in the fit from 
the inevitable improvement that occurs upon increasing the number of fitting parameters. 





∑ [Re(χe(Ri) − χt(Ri))







where Npts is the number of data points used for data fitting, ϵ is the measurement 
uncertainty, and χe(Ri) and χt(Ri) are the complex Fourier transformed experimental and 
theoretical χ(k) signals, respectively. Nidp represents the number of independent points, 
a measure for the information content of the data, is calculated based on the principles of 




+ 1          
(2-10) 
where Δk and ΔR are the k- and R-space fitting ranges, respectively. It is shown – by using 
Bayesian methods – that the true information of an EXAFS signal is limited to 2⁄3 Nidp or 
less [44-46]. Although the fit may reproduce the data perfectly, the refined structural 
parameters might not be physically meaningful. The number of degrees of freedom 
increases linearly with R, therefore if data can be recorded to high R, for example by 
performing measurements at very low temperatures to reduce the noise, it should be 
possible to obtain sufficient data points to permit a detailed description of the structure. 
Alternatively, the total number of parameters used during EXAFS modeling can be 
reduced by relating different parameters in a physically acceptable way.  
In addition to these statistical values, the model discrimination between two hypotheses 
can be performed using the reduced chi-squared value (χv
2), here χv
2 = χ2⁄𝝂, in which 𝝂 = 
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Nidp − Npar, and Npar is the number of parameters used during the fit. Model discrimination 
is performed using this reduced chi-square is more suitable within the same data set as it 
includes the number of parameters of the EXAFS model. A lower χv
2  value for Model 1 
relative to Model 2 implies that the fit using Model 1 improves significantly independent 
of the number of used parameters. χ2 and χv
2  chi-squared values are only suited for 
comparison between different fits. Based on their absolute value it is difficult to 
distinguish between truly bad fits, large theoretical errors or noisy data. 
Hence for this a goodness of fit parameter (R-factor, equation 2-11) is employed. It 
represents the fractional sum of squared residual of misfit. The value of R should be 
around ~0.02 for the fit to be considered good [47, 48].  
R − factor =
∑ [Re(χe(Ri) − χt(Ri))
2














2.2.2.4 X-ray Absorption Near Edge Structure (XANES) 
XANES (X-ray Absorption Near Edge Structure) is the region around the absorption edge 
(-50 < Eo < 50), where the photoelectron has a short mean-free path and MS becomes 
very significant. The position of the edge and the assignment of peaks near or on the edge 
give information about oxidation state, molecular symmetry of the site, and thereby 
coordination number. 
A very common indicator of the valence state is the white line, which is the first intense 
absorption peak at the edge that extends above the intensity of the EXAFS region. The 
terminology is derived from the times when photographic plates were used and strong X-
ray absorption gave rise to unexposed regions that showed up as white bands in the 
photographic negative. White lines are prominent in spectra of transition metal ions with 
high oxidation states. The features of the white line provide the ability to make qualitative 
fingerprint-like comparisons of XANES spectra. If a representative library of reference 
spectra is available, spectral matching can be used to identify an unknown spectrum [49].  
Generally, XANES is based on the absorption of an X-ray photon which excites an electron 
from a core-level (e.g. 1s or 2p 3/2) to an unoccupied state close to the Fermi level. The 
XANES region also includes the forbidden transitions from 1s to 3d, due to intermixing of 
the metal 3d and O 2p orbitals in transition metals such Fe. The weak pre-edge transitions 
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arise from bound state transitions. Although the 1s to 3d transition is forbidden by dipole 
selection rules, it is nevertheless observed due to both 3d - 4p mixing and to direct 
quadrupolar coupling [50].  
The sensitivity to 3d - 4p mixing means that the intensity of the 1s to 3d transition can be 
used as a probe of geometry, with the intensity increasing as the site is progressively 
distorted from a centrosymmetric environment (i.e., octahedral < square–pyramidal < 
tetrahedral) or to distinguish between square–planar (i.e. centrosymmetric) and 
tetrahedral sites [51-53]. The details of the 1s to 3d transitions can be used to explore the 
electronic structure of the absorbing atom. The intensity and centroid position of this pre-
edge can be used to identify the local symmetry (e.g. octahedral or tetrahedral 
configuration) when compared with appropriate references.   
2.3 OTHER CHARACTERIZATION TECHNIQUES  
Apart from the above mentioned techniques, other methods such as Transmission 
Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Inductively Coupled 
Plasma-Atomic Emission Spectroscopy (ICP-AES), Brunauer−Emmett−Teller (BET) and 
Mössbauer spectroscopy were used towards characterization of materials.  
2.3.1 Transmission Electron Microscopy (TEM) 
High angle annular dark field Scanning Transmission Electron Microscopy (HAADF-
STEM), Energy Dispersive X-ray (EDX) spectroscopy and Electron Energy-Loss 
Spectroscopy (EELS) experiments were performed with a FEI Titan “cubed” electron 
microscope equipped with an aberration corrector for the probe-forming lens, a high 
resolution EELS spectrometer (Gatan GIF Quantum) and a wide solid angle “super-X” EDX 
detector, at 120 kV and 300 kV acceleration voltage. The STEM convergence semi-angle 
used was ~22 mrad, while the inner collection semi-angle for HAADF-STEM imaging at 
300kV was ~50 mrad and at 120kV ~85 mrad. The measurements were carried out at the 
laboratory Electron Microscopy for Materials Science (EMAT), University of Antwerp, by 
Dr. Maria Meledina and the results have been documented in chapter 3. 
Further in chapter-5 the TEM measurements were performed using a JEOL JEM-2200FS: 
Cs-corrected microscope at Department of Materials, Textiles and Chemical Engineering 
(MaTCh), Ghent University, operated at 200 kV, equipped with a Schottky-type field-
emission gun (FEG), EDX JEOL JED-2300D and JEOL in-column omega filter (EELS). 
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Specimens were prepared by immersion of a lacey carbon film on copper support grid and 
particles sticking to the grid were investigated. Elemental mapping was performed by 
EDX. A beryllium specimen retainer was used to remove secondary X-ray fluorescence. 
These measurements have been performed by Ir. Lukas Buelens.  
2.3.2 Scanning Electron Microscopy (SEM) 
SEM images were acquired with a FEI Quanta 200F setup with a field emission electron 
source for high resolution imaging and beam stability. The EDX analysis in SEM was 
performed using EDAX Genesis 4000. These measurements were carried out at 
Department of Solid State Sciences, Ghent University by Olivier Janssens.  
2.3.3 Mössbauer spectroscopy 
Mössbauer spectroscopy is a versatile technique which can provide precise information 
about the chemical, structural, magnetic and time-dependent properties of a material [54-
56]. It is based on the discovery of the recoilless gamma ray emission and absorption i.e. 
Mössbauer effect [57]. It was first observed by Rudolph Mössbauer 1957 for which he 
received the Nobel Prize in Physics in 1961.  
2.3.3.1 The Mössbauer Effect 
Nuclei in atoms undergo a variety of energy level transitions, often associated with the 
emission or absorption of a gamma ray which are sensitive to their surrounding 
environment, both electronic and magnetic. There are, two major obstacles in obtaining 
this information: the 'hyperfine' interactions between the nucleus and its environment 
are extremely small, and the recoil of the nucleus as the gamma-ray is emitted or absorbed 
prevents resonance [56, 58]. 
Whenever a gamma ray is emitted from the nucleus, a certain amount of energy is lost 
towards recoil of the nucleus. This results in the emission of a gamma ray with an energy 
less than the nuclear transition. Thus this prevents the resonance absorption of the 
gamma ray. However, Mössbauer discovered that when the atoms are within a solid 
matrix the effective mass of the nucleus is much higher. The recoiling mass thus is 
effectively the mass of the whole system, limiting the loss of energy by recoil to a minimal 
extent [59-61].  
If the gamma-ray energy is small enough, the recoil of the nucleus is too low to be 
transmitted as a phonon (vibration in the crystal lattice) and so the whole system recoils, 
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making the recoil energy practically zero: a recoil-free event. In this situation, the emitted 
and absorbed gamma-ray are of the same energy, thus resulting in energy resonance of 
the emitting and absorbing nucleus. As resonance only occurs when the transition energy 
of the emitting and absorbing nucleus match exactly, this effect is isotope specific. The 
relative number of recoil-free events (and hence the strength of the signal) is strongly 
dependent upon the gamma-ray energy and so the Mössbauer effect is only detected in 
isotopes with very low lying excited states. Similarly the resolution is dependent upon the 
lifetime of the excited state. These two factors limit the number of isotopes that can 
be  investigated. The most used is 57Fe, which has both a very low energy gamma-ray and 
long-lived excited state, matching both requirements well.  
Further, with an oscillating source the energy of the gamma-ray can be modulated in very 
small increments such that it matches precisely the energy of a nuclear transition in the 
absorber. This results in an absorption peak, when the source and absorber are identical. 
The energy levels in the absorbing nuclei can be modified by their environment in three 
main ways: by the Isomer Shift, Quadrupole Splitting and Magnetic Splitting. 
These interactions: Isomer Shift, Quadrupole Splitting and Magnetic Splitting, alone or in 
combination are the primary characteristics of many Mössbauer spectra. The Mössbauer 
spectra in chapter 4 for sample 30-Mg-Fe-Al-O in as prepared state and after several 
treatments were collected at -192°C using a spectrometer operating in constant 
acceleration mode with triangular reference signal and a 57Co(Rh) source. The counts 
were accumulated in 1024 channels. Spectra were run until an off-resonance count rate 
of at least 106 per channel was reached. The spectrometers were calibrated by collecting 
the RT spectrum of a reference metallic-iron foil or a standard -Fe2O3 powder, depending 
on the applied velocity range. Isomer shifts quoted were referenced with respect to -Fe 
at room temperature. The spectra were fitted with symmetrical Lorentzian-shaped 
sextets and/or doublets. These measurements were performed at the Department of 
Physics and Astronomy, Ghent University by Prof. Em. Dr. Eddy De Grave. 
2.3.4 Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) 
The bulk chemical composition of the as prepared samples was determined by inductively 
Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) on an ICAP 6500 of Thermo 
Scientific. The ICP samples were mineralized by alkaline fusion with a mix of Li-
tetraborate and Li-metaborate.  
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2.3.5 Brunauer−Emmett−Teller (BET) surface area 
The Brunauer−Emmett−Teller (BET) surface area of various as prepared samples were 
determined by N2 adsorption at -196°C (five point BET method using Gemini 
Micromeritics). The results have been documented in chapter 4 and chapter 5. 
Apart from the aforementioned characterization tools, for thermodynamic property 
calculations FactSage 6.4 (chapter 1) and EkviCalc 4.3 (chapter 5) software packages 
were used. Their detailed description can be found elsewhere [62-64]. 
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Deactivation study of Fe2O3-CeO2 during redox cycles 
for CO production from CO2 
Deactivation was investigated in Fe2O3-CeO2 oxygen storage materials during repeated 
H2-reduction and CO2-reoxidation. In situ XRD, XAS and TEM were used to identify phases, 
crystallite sizes and morphological changes upon cycling operation. The effect of redox 
cycling was investigated both in Fe-rich (80wt% Fe2O3-CeO2) and Ce-rich (10wt%Fe2O3-
CeO2) materials. The former consisted of 100nm Fe2O3 particles decorated with 5-10nm 
Ce1-xFexO2-x. The latter presented CeO2 with incorporated Fe, i.e. a solid solution of Ce1-
xFexO2-x, as main oxygen carrier. By modelling the EXAFS Ce-K signal for as prepared 
10wt%Fe2O3-CeO2, the amount of Fe in CeO2 was determined as 21mol%, corresponding 
to 86% of the total iron content. Sintering and solid-solid transformations, the latter 
including both new phase formation and element segregation, were identified as 
deactivation pathways upon redox cycling. In Ce-rich material, perovskite (CeFeO3) was 
identified by XRD and Ce-LIII XANES. This phase remained inert during reduction and 
reoxidation, resulting in an overall lower oxygen storage capacity. Further, Fe segregated 
from the solid solution, thereby decreasing its reducibility. In addition, an increase in 
crystallite size occurred for all phases. In Fe-rich material, sintering is the main 
deactivation pathway, although Fe segregation from the solid solution and perovskite 
formation cannot be excluded. 
 
A part of this chapter is published as: 
N. V. R. Aditya Dharanipragada, Maria Meledina, Vladimir V. Galvita, Hilde Poelman, Stuart Turner, Gustaaf 
Van Tendeloo, Christophe Detavernier, and Guy B. Marin, Deactivation Study of Fe2O3−CeO2 during Redox 
Cycles for CO Production from CO2, Industrial and Chemical Engineering Research, 2016, 55, 5911−5922 




With rising global temperatures, the necessity to reduce greenhouse gas emissions like 
CO2 has only gained significance. Several technologies have been proposed to minimize 
CO2 emissions [1-3]. A technology which can utilize directly CO2 by converting it to value 
added fuels is chemical looping [4-6], a cyclic redox process based on the regeneration of 
oxygen storage materials. In the first half cycle, gases such as CH4 are employed to reduce 
the oxygen storage material, resulting in the production of CO2 and H2O. The latter are 
used in the second half cycle for the regeneration of the oxygen storage material. When 
CO2 is used as reoxidation agent this results in the production of CO, which is a useful raw 
material, e.g. for Fischer-Tropsch processes. Since the amount of CO2 utilized in the second 
step is much higher than produced in the first step, the process is termed CO2 utilization 
[7, 8] . 
The process economics of chemical looping are limited by the stability of the oxygen 
storage materials. There are many paths for the degeneration of oxygen storage materials. 
For example, a material may be poisoned by a contaminant present in the reducing or 
oxidizing agents. Its surface, pores and voids may be fouled by carbon produced during 
cracking/condensation if hydrocarbon or carbon monoxide reactants are used for 
reduction. Due to the high temperature of operation in chemical looping (T > 650°C), 
thermal degradation may occur in the form of active phase crystallite growth, i.e. 
sintering, collapse of the pore structure and/or solid-state reactions of the active phase 
with the carrier or modifying element. Hence, the choice of oxygen storage material and 
modifying element towards chemical looping play a crucial role. 
Oxides of transition metals, such as Ni, Cu, Mo and Fe, are typically used as oxygen carriers. 
Among these, iron oxides stand out because of their natural abundance and high 
reoxidation capacity with CO2 over a wide range of operating conditions (700°C -1000°C) 
[9, 10]. However, pure iron oxides tend to deactivate rapidly. The major factor for 
deactivation in pure iron oxide materials is sintering [11, 12]. 
To overcome this challenge, iron oxides are often modified with other oxide materials, e.g. 
CeO2 [13, 14], CeZrO2 [15], MgO [16], Al2O3 [17, 18], ZrO2 [19], SiO2 [20], TiO2 [21] and 
MgAl2O4 [22-25]. These promoter materials prevent contact between adjacent iron oxide 
particles, resulting in relatively stable particle size, and are therefore termed as physical 
promoters. They mitigate sintering by acting as a physical barrier. However, during a 
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prolonged cyclic process, some promoter materials can undergo solid-solid 
transformations with iron oxide, e.g. MgO to MgFe2O4, Al2O3 to FeAl2O4 and CeO2 to 
CeFeO3. These new materials continue to prevent sintering by providing a physical barrier 
between adjacent iron oxide particles, but reduce the total oxygen storage capacity 
because the iron oxide involved in solid-solid transformations no longer contributes. For 
Fe2O3 with Al2O3, iron oxide deactivated significantly during the progression of the redox 
cycles due to its solid−solid transformation to FeAl2O4, requiring a higher temperature of 
reduction and reoxidation [26]. Hence, the success of these promoters greatly depends on 
the nature of these transformations. 
Certain promoter materials contribute towards the redox reaction, along with iron oxide, 
in addition to providing a physical barrier. These are therefore termed chemically active 
promoter materials, e.g. CeO2, CeZrO2 [8, 27]. Among the latter, CeO2 stands out as it has 
high activity towards methane oxidation by lattice oxygen, as well as reasonable H2O or 
CO2 reoxidation capacity [28-30]. The redox couple Ce4+ and Ce3+ facilitates oxygen 
storage and release from its bulk fluorite lattice. Additionally, CeO2 induces structural 
modification and stabilization of iron oxides, making it an ideal candidate for promoting 
iron oxide in a chemical looping process. Indeed, the formation of a solid solution between 
CeO2 and MeOx (Me= Mn, Fe, or Cu) has been found to be responsible for enhanced 
reducibility at lower temperatures compared with pure CeO2 [8].  
In a previous study, the influence of CeO2 as chemically active promoter for iron oxides 
was investigated for a range of loadings. The addition of CeO2 to Fe2O3 resulted in higher 
activity in comparison to the bulk oxides [8]. Among these mixed oxide materials, 
80wt%Fe2O3-CeO2 showed the highest redox properties. Despite its high initial activity, 
the material suffered from deactivation, albeit less severe than pure iron oxide. At the 
opposite side of the Fe2O3-CeO2 mixing range, 10wt%Fe2O3-CeO2 and 30wt%Fe2O3-CeO2 
materials had low oxygen storage capacity but were less prone to deactivation.  
The present follow-up investigation focuses on the origin and nature of deactivation in 
Fe2O3-rich and CeO2-rich Fe2O3-CeO2 materials. For this study, the most active 
80wt%Fe2O3-CeO2 was compared with 10wt%Fe2O3-CeO2, where CeO2 acts as bulk 
oxygen carrier material. The addition of a small amount of Fe2O3 to CeO2 is known to result 
in lower CeO2 redox temperatures, making this material applicable in chemical looping 
redox processes [8]. Mechanisms of deactivation such as sintering and solid-solid 
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transformation during chemical looping were investigated using in situ XRD, TEM and 
XAS. In situ XRD was employed to study the redox properties during the reaction. XAS and 
TEM were employed to study the local environment around Fe and Ce. 
3.2 EXPERIMENTAL 
3.2.1 Material preparation 
Fe2O3-CeO2 materials with 10 and 80wt% Fe2O3 were prepared. The following chemicals 
were used as precursor materials for the synthesis of mixed oxides: Fe(NO3)3.9H2O 
(99.99+%, Sigma-Aldrich®) and Ce(NO3)3.6H2O(99.99%,Sigma-Aldrich®). All samples 
were prepared via one pot co-precipitation by ammonium hydroxide. The precipitate was 
then separated by filtration, followed by drying in an oven at 120°C for 10 hours. The 
samples were calcined at 650°C for 6 hours.  
In addition to the above materials, 50wt%Fe2O3-CeO2 was synthesized by co-precipitation 
and subjected to 10 cycles of TPR-TPO up to a temperature of 950oC as pre-treatment. 
This material was used for comparison of perovskite (CeFeO3) redox properties with the 
cycled materials.  
3.2.2 General characterization: X-ray Diffraction (XRD)  
The crystallographic phases of the materials were determined with a Siemens 
Diffractometer Kristalloflex D5000, with Cu Kα (λ=0.154nm) radiation. The powder 
patterns were collected in a 2θ range from 10° to 80° with a step of 0.02° and 30s counting 
time per angle. The crystallite size was determined using the Scherrer equation by fitting 
a Gaussian function to the three most intense characteristic peaks to obtain the peak 
width at half maximum. 
3.2.3 X-Ray Absorption Spectroscopy (XAS) 
XAS measurements were performed at the Fe-K (7112 eV), Ce-LIII (5873 eV) and Ce-K 
(40443 eV) edges. The Ce-LIII as well as Fe-K measurements were performed at the 
DUBBLE beam line (BM 26A) and the Ce-K edge data were collected at SNBL (BM 01B) 
both of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The 
optics and energy alignment were performed using a Fe-foil and CeO2 reference.  
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3.2.4 EXAFS data reduction analysis 
XAS data reduction and analysis were executed with Athena and Artemis, part of the 
Demeter 0.9.13 software package [31]. The pre-edge background was removed by 
subtracting an extrapolated modified Victoreen curve from the raw data. The edge energy 
E0 was chosen at the maximum of the first derivative of the spectrum. The atomic 
background µo was calculated by the AUTOBK routine using a cubic spline fitting 
procedure. Background subtraction, normalization, χ(k) isolation and Fourier 
transformation were performed using the methodology of Koningsberger et al. [32]. In 
view of Ce-K edge EXAFS signal modelling, the amplitude reduction factor So
2 = 0.83 ±
0.05  was calculated from reference CeO2. The local environment of Ce was fitted by 
implementing a Fe doped CeO2 model. The single scattering paths with significant 
contribution to the Ce-K signal were selected and used for further modelling. 
The FEFF 6.0 ab initio code [33] was applied to calculate the phase shifts and 
backscattering amplitude functions of Ce–O, Ce–Ce and Ce–Fe contributions to the EXAFS 
signal. IFEFFIT was utilized for non-linear least-squares minimization of the objective 
function using a Levenberg–Marquardt algorithm, yielding estimates for the structural 
parameters [31]. For this minimization, multiple shell fitting was performed in R-space 
using multiple k-weightings. The fitting was performed by implementing single scattering 
paths with and without incorporation of Fe. The agreement between model and 
experiment was evaluated statistically by means of the minimized objective function 
χ𝑣
2 and the F-value. The χ𝑣
2  is the reduced sum of square residuals with v degrees of 
freedom. The F-test was performed using Hamiltonian formulation [34], and the 
confidence interval α was calculated by the approach described by Bacchi et al. [35]. For 
global significance of the regression the inverse F-value or R-value is reported.  
3.2.5 In situ XRD analysis 
The crystallographic changes during H2-TPR and CO2-TPO were followed with in situ XRD 
in a home-built reaction chamber housed inside a Bruker-AXS D8 Discover apparatus (Cu 
Kα radiation of 0.154 nm) with a linear detector covering 20° in 2θ and an angular 
resolution of approximately 0.1° in 2θ. A typical collection time of 10 s was used during 
these experiments. 10 mg of powdered sample was evenly spread on a single crystal Si 
wafer. Interaction of the catalyst material with the Si wafer was never observed. After 
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pump-down to a base pressure of 4 Pa, gases were supplied to the reactor chamber from 
a rig with calibrated mass flow meters.  
A full XRD scan (10° to 65° with a step of 0.02°) was recorded at room temperature before 
and after each TPR and TPO experiment. The TPR was performed in flow conditions of H2 
at 1.1Nml/sec up to a temperature of 800°C. This was followed by reoxidation with CO2 
at the same flow rate up to 800°C. Both of these treatments were performed at a uniform 
heating rate of 20°C/min.  
3.2.6 Transmission Electron Microscopy (TEM) 
High angle annular dark field Scanning Transmission Electron Microscopy (HAADF-
STEM), Energy Dispersive X-ray (EDX) spectroscopy and Electron Energy-loss 
Spectroscopy (EELS) experiments were performed with a FEI Titan “cubed” electron 
microscope equipped with an aberration corrector for the probe-forming lens, a high 
resolution EELS spectrometer (Gatan GIF Quantum) and a wide solid angle “super-X” EDX 
detector, at 120 kV and 300 kV acceleration voltage. The STEM convergence semi-angle 
used was ~22 mrad, while the inner collection semi-angle for HAADF-STEM imaging at 
300kV was ~50 mrad and at 120kV ~85 mrad.  
3.2.7 Experimental Reactor Setup  
Redox cycling measurements were carried out at atmospheric pressure in a quartz tube 
microreactor (i.d. 10 mm), placed in an electric furnace. Typically, 30 mg of material was 
packed in a quartz bed. This material was diluted with inert α-Al2O3 with a ratio of 1:10. 
The temperature of the catalyst bed was measured with K-type thermocouples touching 
the outside and inside of the reactor at the position of the catalyst bed. In all experiments, 
the material was reduced by H2 and reoxidized by CO2. In between He was purged during 
redox cyclic experiments. The total flow rate of the feed gas into the reactor was 
maintained constant at 1.1Nml/s by means of Brooks mass flow controllers. The redox 
property of the samples was investigated at 650°C.  
The feed and product gas streams were monitored online using an OmniStar Pfeiﬀer mass 
spectrometer (MS). The response of the MS detector was regularly verified with 
calibration gases. A carbon balance with a maximum deviation of 15% was obtained. The 
CO yield is calculated as (equation 3-1): 
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YCO =  
nCO 
W
 ( 3-1) 
YCO =  Yield of CO produced (mol kgmaterial
−1 );  
nCO =  Mole of CO produced (mol); 
W = Mass of the oxygen carrier in the reactor (kg); 
3.3 RESULTS 
3.3.1 Isothermal Cycling 
The effect of redox cycling on the CO yield of 80wt%Fe2O3-CeO2 and 10wt%Fe2O3-CeO2 
was studied at a temperature of 650°C during 100 redox cycles (Figure 3- 1). The highest 
CO yield was shown by 80wt%Fe2O3-CeO2. In this material the CO yield decreased steadily 
during the first 30 cycles and thereafter remained stable. For 10wt%Fe2O3-CeO2, the CO 
yield steeply dropped during the first 10 cycles and then remained constant up to 100 
cycles. This decrease in CO yield for both materials is the result of deactivation. However, 
the different trends in decrease of CO yield (Figure 3- 1) suggest that different factors 
govern the deactivation, determined by the interaction between the metal oxides present 
in both oxygen storage materials [12], possibly leading to different routes of deactivation. 
In order to identify the different mechanisms of deactivation, a systematic 
characterization of materials was performed to map out their redox properties in relation 
to their stability. 
 
Figure 3- 1: CO yield as a function of number of isothermal redox cycles for 10wt%Fe2O3-CeO2 
and 80wt%Fe2O3-CeO2. (●) 80wt%Fe2O3-CeO2 and (■) 10wt%Fe2O3-CeO2. 
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The as prepared and cycled materials were characterized using XRD to identify the phases 
present. From the diffraction pattern of 80wt%Fe2O3-CeO2 (Figure 3- 2a (i)), 
characteristic peaks for Fe2O3 and CeO2 were identified. For 10wt%Fe2O3-CeO2 clear 
contributions of CeO2 along with minor peaks of Fe2O3 (dotted lines) were observed 
(Figure 3- 2a (ii)).  
The state of the materials after redox cycling is shown in Figure 3- 2b. The diffraction 
pattern of cycled 80wt%Fe2O3-CeO2 (Figure 3- 2b(i)) exhibited peaks at 2θ values 
corresponding to CeO2 and Fe3O4. From the XRD of cycled 10wt%Fe2O3-CeO2 (Figure 3- 
2b(ii)), peaks of CeO2, Fe3O4 and CeFeO3 as new phase were identified. Further 
reoxidation to Fe2O3 can only be achieved if O2/air is employed for reoxidation [36].  
 
Figure 3- 2: XRD diffraction patterns of (i) 80wt%Fe2O3-CeO2 and (ii) 10wt%Fe2O3-CeO2: (a) as 
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The crystallite size of CeO2 determined by XRD showed that crystallites in 10wt%Fe2O3-
CeO2 are larger than in 80wt%Fe2O3-CeO2. In addition, the formation of a solid solution 
Ce1-xFexO2-x was identified from the lattice parameters of CeO2 for both as prepared 
10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 (Table 3-1). 
The replacement of a larger cation (Ce4+, 1.01 Å) with a smaller one (Fe3+, 0.64 Å) led to 
contraction of the lattice and, hence, a smaller lattice parameter in comparison to pure 
CeO2 (0.5411 nm) [8]. This is in agreement with the CeO2 lattice parameter evolution for 
a series of 2wt% to 80wt%Fe2O3-CeO2 (Figure 3- 3) and suggests that during synthesis, 
incorporation of Fe in CeO2 occurred to form a solid solution Ce1-xFexO2-x which stabilized 
the crystallite size of CeO2. This was identified from the plateau in lattice parameters 
between 10wt% and 80wt%Fe2O3-CeO2, suggesting a fixed amount of Fe is incorporated 
in the CeO2 lattice. The resulting solid solutions of Ce1-xFexO2-x in these modified materials 
are expected to present enhanced redox properties compared to pure CeO2 [8]. The effect 
of redox treatment on this fixed amount of Fe was investigated on samples of 10wt%, 
50wt% and 80wt%Fe2O3-CeO2 through a H2-TPR treatment followed with a CO2-TPO or 
O2-TPO. The lattice parameter calculations (Figure 3- 3) showed that Fe is extracted after 
treatment with CO2 or O2. The values now lie close to the one of pure CeO2 suggesting that 
reoxidation with CO2 or O2 leads to almost complete extraction of Fe (Figure 3- 3).  
 
Figure 3- 3: The lattice parameters of the as prepared materials along with the lattice parameters 
after reoxidation with CO2 and O2.  
Lattice parameters of various Fe2O3-CeO2 materials in (  ) as prepared, (  ) CO2-reoxidized and 
(  ) O2-reoxidized state. Error bars represent standard deviation (68% confidence interval) 
calculated from 3 most intense peaks. 
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Further, the effect of 100 chemical looping redox cycles on the solid solution Ce1-xFexO2-x 
in 10wt% and 80wt%Fe2O3-CeO2 was assessed. After cycling, CeO2 crystallites showed a 
2.5 times increase in 10wt%Fe2O3-CeO2 and a 4 times increase in 80wt%Fe2O3-CeO2. This 
was due to sintering of the oxygen storage material and segregation of incorporated Fe 
from the CeO2 lattice resulting in the formation of a separate Fe3O4 phase.  
 
Table 3- 1: Crystallite sizes and CeO2 lattice parameters of as prepared and cycled materials from 
XRD. 









CeO2 15±3 38±4 9±3 35±4 
CeFeO3  b 75±10 b b 













a-determined from TEM, b- no diffraction peaks present. Error represents standard 
deviation calculated from 3 most intense peaks. 
 
This phase segregation is also evidenced from the CeO2 lattice parameters of cycled 
materials (Table 3- 1) which were closer to that of pure CeO2 (0.5411 nm), which 
indicates that part of the Fe was segregated upon cycling, leaving less Fe incorporated in 
the CeO2 lattice. Further, the new perovskite phase CeFeO3 formed in 10wt%Fe2O3-CeO2 
upon cycling, also displayed large crystallite sizes (Table 3- 1). Crystallites of pure iron 
oxide also suffered from heavy sintering. In 80wt%Fe2O3-CeO2 the increase was only 
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twofold, which could be due to CeO2 nanocrystallites acting as a physical barrier and 
thereby controlling the sintering of iron oxides. The increase of crystallite size was more 
predominant in 10wt%Fe2O3-CeO2, where sintering yielded a tenfold increase of the iron 
oxide crystallite size.  
3.3.2 Transmission Electron Microscopy (TEM) 
The HAADF-STEM image of the as prepared 80wt%Fe2O3-CeO2 sample (Figure 3- 4a) 
demonstrates the presence of two kinds of particles. The smaller nanoparticles were 
identified as CeO2 based on the EELS mapping (Figure 3- 4b). They decorated the larger 
crystallites of Fe2O3 (~50nm). Strong agglomeration of the nanoparticles during cycling 
(for 100 cycles) led to a significant change of the particle size (Figure 3- 4c). However, the 
sintered particles of ceria and iron oxide still demonstrate a similar proportion as in the 
as prepared situation where smaller ceria nanoparticles decorate the larger iron oxide 
nanoparticles (Figure 3- 4d). The size of the nanoparticles observed after cycling is in 
agreement with the size retrieved based on XRD data.  
 
Figure 3- 4: (a) HAADF-STEM image of the as prepared 80wt%Fe2O3-CeO2 sample; (b) 
corresponding EELS map for Fe and Ce; (c) HAADF-STEM image of the 100 times cycled 
80wt%Fe2O3-CeO2 sample; (d) corresponding EELS map for Fe and Ce. 
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The HAADF-STEM image of the as prepared 10wt%Fe2O3-CeO2 (Figure 3- 5a) 
demonstrates the nanoparticulate morphology of the sample. Elemental mapping (Figure 
3- 5b) shows mainly ceria particles to be present. After cycling, the material remains 
nanosized (Figure 3- 5c), consisting mainly of ceria nanoparticles (Figure 3- 5d). 
However, several dispersed iron oxide nanoparticles are observed as well. The crystallite 
sizes calculated from TEM were in agreement with XRD from Table 3- 1. 
 
Figure 3- 5: (a) HAADF-STEM overview of as prepared 10wt%Fe2O3-CeO2 with (b) corresponding 
EDX map for Ce and Fe. (c) HAADF-STEM overview of the 100 times cycled 10wt%Fe2O3-CeO2 
sample together with (d) corresponding EDX map for Ce and Fe. 
3.3.3 X-ray Absorption Spectroscopy (XAS) 
3.3.3.1 Structural characterization 
The electronic structure of these materials was investigated using Fe-K and Ce-LIII XAS. 
The XANES signature of as prepared and cycled materials was compared with reference 
materials (Fe2O3 and Fe3O4 for Fe, CeO2 and CeF3 for Ce). At the Fe-K edge, both as 
prepared 10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 showed pre-edge and XANES 
features similar to Fe2O3 (Figure 3- 6a). After prolonged cycling, the Fe-K XANES (Figure 








Figure 3- 6: Fe-K edge XANES spectra of (a) as prepared 10wt%Fe2O3-CeO2, 80wt%Fe2O3-CeO2 
and reference Fe2O3 and of (b) 100 times cycled 10wt%Fe2O3-CeO2, 80wt%Fe2O3-CeO2 and 
reference Fe3O4. All; spectra recorded at room temperature. 
(  ) Fe2O3, (  ) Fe3O4, (    )10wt%Fe2O3-CeO2 and (    ) 80wt%Fe2O3-CeO2. 
 
The Ce-LIII XANES spectra of the as prepared 10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 
materials show spectral features similar to pure CeO2 (Figure 3- 7a). The Ce-LIII edge 
spectra of the cycled materials along with several references are shown in Figure 3- 7b. 
The cycled materials show a slight shoulder towards the low energy side of the white line 
due to partial formation of Ce3+. This feature is more prominent in 10wt%Fe2O3-CeO2, 
which can be ascribed to the presence of perovskite (CeFeO3) in the material after cycling. 
A linear combination fitting analysis of cycled 10wt%Fe2O3-CeO2 with reference spectra 
of CeO2 and CeF3 revealed 20% of the material in Ce3+ state and the rest in Ce4+ state. 
Similarly, a linear combination analysis of cycled 80wt%Fe2O3-CeO2 yielded 13% of the 
material in Ce3+ and 87% in Ce4+ state. 




Figure 3- 7: The comparison of Ce-LIII XANES spectra of (a) as prepared and (b) 100 times redox 
cycled 10wt% and 80wt%Fe2O3-CeO2 with reference CeO2 (Ce4+ state) and CeF3 (completely 
reduced state Ce3+).  
(  ) CeO2, ( ) CeF3, ( ) pre-treated 50wt%Fe2O3-CeO2, Fresh (……..) 10wt%Fe2O3-CeO2 
and (……..) 80wt%Fe2O3-CeO2, 100 times cycled ( ) 10wt%Fe2O3-CeO2 and ( ) 
80wt%Fe2O3-CeO2.  
 
To compare the cycled 10wt%Fe2O3-CeO2 with perovskite (CeFeO3), a 50wt%Fe2O3-CeO2 
sample, pre-treated in cycles TPR-TPO to form perovskite (CeFeO3), was studied using 
XAS (Figure 3- 7b). XRD on this material revealed the presence of two main phases CeO2, 
perovskite (CeFeO3) and a minor contribution of Fe3O4 (Figure 3- 8).  
 
Figure 3- 8: The XRD pattern of cycled 50wt%Fe2O3-CeO2. 
(  ) Fe3O4, (  ) CeO2 and (  )CeFeO3. 
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The Ce-LIII XANES for this material presented a clear shoulder similar to the one for cycled 
10wt%Fe2O3-CeO2, and showed a mixed +3/+4 state (Figure 3- 7b), with about 30% of 
cerium in Ce3+ state, based on a linear combination analysis. Hence, the Ce-LIII XANES 
spectra of 10wt%Fe2O3-CeO2 after prolonged cycling clearly resemble the one of the 
perovskite, confirming the presence of perovskite (CeFeO3) after cycling. As for the Fe-K 
edge XANES of the perovskite, after CO2 reoxidation, it presented a Fe oxidation state 
intermediate to Fe2O3 and Fe3O4, very similar to 10wt%Fe2O3-CeO2 (Figure 3- 9).  
 
Figure 3- 9: Fe-K XANES spectra of CO2 reoxidized 50wt%Fe2O3-CeO2 and 10wt% Fe2O3-CeO2 
along with the references Fe3O4 and Fe2O3. 
 (  ) Fe2O3, (  ) Fe3O4, (  ) pre-treated 50wt%Fe2O3-CeO2 and (  ) 
10wt%Fe2O3-CeO2  
 
3.3.3.2 Structural Modeling 
The incorporation of Fe inside CeO2 lattice resulted in the formation of solid solution Ce1-
xFexO2-x as evidenced from the XRD lattice parameters for CeO2. The lattice parameter 
evolution of CeO2 over a range (2-80wt%Fe2O3-CeO2) of mixed oxide materials (Figure 3- 
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of these materials a similar amount of Fe is incorporated inside the CeO2 lattice. In 
addition, in the XRD patterns (Figure 3- 2a(ii)) no major contribution of Fe2O3 in 
10wt%Fe2O3-CeO2 was present, indicating that a large fraction of Fe can be incorporated 
inside the CeO2 lattice. In order to obtain a value for the amount of Fe inside the CeO2 
lattice in as prepared materials, structural modeling was applied to the Ce-K edge EXAFS 
data. Hence, to determine the amount of Fe dissolved inside the CeO2 lattice, modeling of 
10wt%Fe2O3-CeO2 was pursued at the Ce-K edge. The model was implemented by 
comparing the CeO2 fluorite structure and a Fe doped CeO2 fluorite structure, denoted as 
Ce1-xFexO2-x where x is the amount of dissolved Fe as parameter to be determined. Both 
models were fit to the Ce-K EXAFS signal of 10wt%Fe2O3-CeO2 at ambient conditions (Δk 
= 0.24–1.01 nm-1, ΔR = 0.13–0.41 nm). The fit using the Fe doped CeO2 structure yielded 
an R-value of 0.0034, whereas for the fit using the pure CeO2 structure an R-value of 
0.0064 was obtained. The F test was performed, generating a confidence level α of 94% 
for the hypothesis that the Fe doped CeO2 structural model yielded a significantly better 
fit than the pure CeO2 model. Consequently, pure CeO2 was rejected as structural model 
and thus, the model with Fe doped CeO2 was chosen as best representing the Fe-doped 
CeO2 lattice.  
Table 3- 2: Fit results of the Fe incorporated CeO2 model (Δk = 0.24–1.01 nm-1, ΔR = 0.13–
0.41 nm) in R-space with multiple ki-weighted (i = 1, 2 and 3) to the Ce-K edge EXAFS 
signal of 10wt%Fe2O3-CeO2 in ambient conditions. 
  R (Å) N σ² (Å2) 
Ce-O 2.341±0.001 7.61±0.70 0.0078±0.0012  
Ce-Ce 3.824±0.002 9.39±2.26 0.0047±0.0016 
Ce-Fe 3.843±0.016 2.89±1.20 0.0047±0.0016 
Ce-O 4.484±0.002 27±20.12 0.0171±0.0117 
 
The regression fit results of Fe doped CeO2 are shown in Table 3- 2. The coordination of 
the first shell remains close to that of pure CeO2. However, the second shell is split into 
contributions of Ce and Fe. In order to decorrelate the coordination number N of Fe 
scatterers in the second shell around the Ce absorber from the Debye–Waller factor for 
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these Fe atoms, the latter was kept equal to the one of the Ce atoms. The Debye–Waller 
factor of the first Ce-O shell showed a high value, because oxygen as lighter element 
exhibits a higher entropy. An increase in Debye–Waller factor was also observed in the 
next O shell due to the light O scatterers and to the Fe incorporation into the lattice of 
CeO2. A best fit (Figure 3- 10) was obtained with x = 0.21 ± 0.08 so that 21% of the Ce 
atoms in CeO2 is substituted with Fe. This corresponds to 86% of the Fe available, residing 
within the Ce1-xFexO2-x solid solution in 10wt%Fe2O3-CeO2. For 80wt%Fe2O3-CeO2, it can 
be assumed that the same amount of Ce is replaced with Fe, i.e. 21mol%, based on the 
similar CeO2 lattice parameters. This will of course represent a much smaller fraction of 
Fe in 80wt%Fe2O3-CeO2 than in 10wt%Fe2O3-CeO2. 
 
Figure 3- 10: Fourier transformed k2 -weighted EXAFS signal of 10wt%Fe2O3-CeO2 and ki -
weighted (i = 1, 2 and 3) fit (dashed line) with Fe incorporated CeO2 model Ce1-xFexO2-x and x = 
0.21. The upper part represents the modulus of FT, whereas the lower part is the imaginary part 
FT[{k2χ(R)}]. The dotted rectangle indicates the window fitting range. No phase correction was 
used.  
( ) EXAFS signal of 10wt%Fe2O3-CeO2, ( ) fit and ( ) fitting window. 
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3.3.4 In situ characterization: Solid-solid transformation 
The material transformations affecting the redox properties during prolonged cycling 
were investigated during H2-TPR and CO2-TPO using in situ XRD [37-40] and conventional 
temperature- programmed reaction. The crystallographic changes observed in in situ XRD 




Figure 3- 11a represents the crystallographic changes during H2-TPR of as prepared 
80wt%Fe2O3-CeO2. The transition of Fe2O3 to Fe3O4 occurs at a temperature of ~450°C 
and further transformation of Fe3O4 to FeO starts around ~500°C. The deeper reduction 
of FeO to Fe is identified by the appearance of the diffraction peak of metallic Fe at 2θ=45° 
at higher temperature ~600°C. Diffraction peaks for CeO2 (111) and (200) at 2θ=28° and 
33° were observed without an apparent phase transformation to Ce2O3. This is in 
agreement with the bulk reduction from CeO2 to Ce2O3 occurring at a much higher 
temperature [39]. After redox cycling of this material, Fe3O4 and CeO2 are the major 
phases detected by in situ XRD (Figure 3- 11b). A H2-TPR of the cycled material shows a 
faint transition from Fe3O4 to FeO at ~500°C, temperature at which also the deeper 
reduction to metallic Fe starts. The temperature, at which successive reductions occur for 
both states of the 80wt%Fe2O3-CeO2 sample, was further evaluated based on the 
diffraction intensity variations obtained from the in situ XRD map (Figure 3- 11c). All 
phase transitions occur at similar temperature for the as prepared and cycled material.  
Parallel to iron oxide reduction, CeO2 could also take part in the reduction, even if no true 
phase transition takes place. This was verified by following the CeO2 (111) peak position 
as a function of temperature (Figure 3- 11d). Thermal lattice expansion induces a gradual 
lowering of the peak position, indicated by the dashed lines. However, deviations from the 
extrapolated thermal expansion occur at 400°C for as prepared material, indicating a 
stronger increase of the lattice size. This is due to partial reduction of the lattice, since 
Ce3+ is larger than Ce4+, which causes an abrupt shift to lower 2θ values at this 
temperature. For the cycled material, no downward deviation was observed. As indicated 
by the lattice parameters from XRD (Table 3- 1), the cycling already segregates Fe from 
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the solid solution, which could make the remaining phase less prone to partial reduction. 
Above 700°C, bulk reduction of CeO2 sets in, accompanied by a further lattice expansion. 
 
Figure 3- 11 Evolution of 80wt%Fe2O3-CeO2 during H2-TPR as followed by in situ XRD and 
conventional TPR. Crystallographic changes of 80wt%Fe2O3-CeO2 in (a) as prepared and (b) 100 
times cycled sample; (c) intensity variation of iron oxide phases from in situ XRD in (a) and (b); 
Intensity changes during in situ XRD of ( ) as prepared, ( ) 100 times cycled sample; (d) 
changes in CeO2 (111) position of as prepared and 100 cycled material; Variation of CeO2 (111) 
peak position with temperature for (  ) as prepared and ( ■ ) 100 times cycled sample; dotted 
and dashed lines represent thermal lattice expansion; (e) H2 comsumption profiles during 
conventional TPR of ( ) as prepared, ( ) 100 times cycled sample. 
 
Based on the analysis of in situ XRD, the conventional H2-TPR profiles can be interpreted 
in terms of reduction of iron and cerium oxide phases. In Figure 3- 11e a sharp 
consumption peak at ~450°C is observed for the as prepared material followed by a broad 
peak around 700°C. Based on in situ XRD (Figure 3- 11a), the consumption peak at 
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~450°C refers to the transition of Fe2O3 to Fe3O4 together with the partial reduction of 
CeO2 (Figure 3- 11d), which contributes to the onset of the conventional reduction profile.  
Further reduction from Fe3O4 to FeO and FeO to Fe are established within the high 
temperature single broad peak, together with the start of bulk CeO2 reduction above 
700°C. For the 100 times cycled sample (Figure 11e), the single broad peak in the 
reduction profile corresponds to the simultaneous reduction of Fe3O4 to FeO, of FeO to 
metallic Fe (Figure 3- 11c) and the onset of CeO2 bulk reduction above 650°C (Figure 3- 
11d). 
Overall, the complete reduction of Fe3O4 to Fe occurs at a relatively higher temperature 
for the cycled sample than for the as prepared one, due to increased particle size (Table 
3- 1). For the partial reduction of CeO2, the opposite was true. The latter can be 
understood since cycling results in partial Fe segregation, as evidenced from the 
increased CeO2 lattice parameter (Table 3- 1), leading to decreased redox properties. 
3.3.4.1.b 10wt%Fe2O3-CeO2 
A similar in situ XRD analysis was performed on 10wt%Fe2O3-CeO2 to examine the change 
in reducibility of the as prepared and cycled material. While diffraction peaks of Fe2O3 
were not observed during the in situ XRD of as prepared material (Figure 3- 12a), metallic 
Fe appeared above ~600oC. For the cycled material, the phases of CeO2, perovskite 
(CeFeO3) and Fe3O4 were identified in the sample at the start of TPR (Figure 3- 12b). 
Reduction to metallic Fe started at a temperature of ~550°C. The diffraction peaks of 
perovskite (CeFeO3) and CeO2 remain visible throughout reduction and no peaks 
corresponding to Ce2O3 were observed.  
The transition temperature to Fe in as prepared and cycled materials was further 
evaluated using the integrated diffraction intensities. The intensity plot versus 
temperature (Figure 3- 12c) shows the onset of formation of metallic Fe in the as 
prepared sample already starting at ~400°C. For the cycled sample, the formation of 
metallic Fe is observed around 600oC when Fe3O4 is almost completely consumed (Figure 
3- 12c). The late onset of reduction of Fe is the result of sintering which leads to an 
increased crystallite size (Table 3- 1). The latter results in higher reduction temperatures 
due to a prolonged diffusion time of oxygen from bulk to surface. The reduction to metallic 
Fe in the cycled sample shifts upward by 200°C, unlike in 80wt%Fe2O3-CeO2 where the 
reduction to metallic Fe was observed at a similar temperature in the cycled sample. As 
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cycling leads to sintering as evidenced by the crystallite size increase (Table 3- 1) and to 
formation of perovskite (CeFeO3), these phenomena must be held responsible for the 
higher reduction temperature of cycled 10wt%Fe2O3-CeO2. 
Possible reduction of CeO2 was accessed as before from a peak position analysis (Figure 
3- 12d). In as prepared material partial reduction of CeO2 is seen at ~450°C, while in the 
cycled sample it hardly occurred before bulk reduction started. The early reduction in the 
as prepared materials is ascribed to the enhanced reducibility of CeO2 species promoted 
by incorporated Fe.  
 
Figure 3- 12: Evolution of 10wt%Fe2O3-CeO2 during H2-TPR as followed by in situ XRD and 
conventional TPR: crystallographic changes of (a) as prepared and (b) 100 times cycled sample; 
Variations of iron oxide diffractions during in situ XRD of (  ) as prepared, ( ) 100 times 
cycled sample; (c) intensity variation of iron oxide phases from in situ XRD; (d) changes in CeO2 
(111) position of as prepared and cycled material; Changes of CeO2 (111) peak position with 
temperature for  (  ) as prepared and ( ■ ) 100 times cycled sample; dotted and dashed lines 
represent thermal lattice expansion; (e) H2 consumption profiles during H2 ( ) as prepared,     
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Using the above results from in situ XRD, the conventional H2-TPR on as prepared and 
cycled 10wt%Fe2O3-CeO2 were interpreted. The consumption profile for as prepared 
material shows three peaks (Figure 3- 12e). 
The first peak at ~425oC can be ascribed to reduction of Fe2O3 to Fe3O4 as also seen in 
80wt%Fe2O3-CeO2, although this transition remained invisible in in situ XRD. The second 
peak ~550°C could correspond to the early reduction of the Ce4+ species promoted by Fe 
and first reduction to metallic Fe. The third peak follows from reduction to metallic Fe and 
bulk CeO2 reduction. For the cycled sample, a single broad H2 consumption peak is 
observed arising from the onset of bulk CeO2 reduction, with a shoulder on the rising edge, 
originating from iron oxide reduction to metallic Fe.  
3.3.4.2 CO2-TPO 
 
Figure 3- 13: Conventional reoxidation profiles of (a) 10wt%Fe2O3-CeO2 and (c) 80wt% Fe2O3-
CeO2, as prepared and 100 cycled; changes in the CeO2 (111) peak position during CO2 reoxidation 
of (b) 10wt%Fe2O3-CeO2 and (d) 80wt% Fe2O3-CeO2, as prepared and 100 times cycled.  
Comsumption profiles during conventional CO2-TPO of ( ) as prepared, ( ) 100 times 
cycled sample. CeO2 (111)peak position of 10wt%Fe2O3-CeO2 (■) as prepared, ( ) 100 times 
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The H2-TPR was followed by CO2-TPO (Figure 3- 13) for all samples. The reoxidation 
temperatures for partially reduced CeO2 were evaluated as before from the CeO2 (111) 
peak position from the time resolved XRD patterns (Figure 3- 14), and compared with 
conventional TPO temperatures (Figure 3- 13). The profile of reoxidation for as prepared 
10wt%Fe2O3-CeO2 material after reduction (Figure 3- 13a) first peaked at 400°C with the 
bulk reoxidation occurring at 500°C, whereas that of the 100 times cycled sample 
appeared in a single peak at 600°C. The CO2 consumption peak of as prepared material at 
400oC corresponds to reoxidation of the solid solution Ce1-xFexO2-x, based on the CeO2 
(111) peak position change from in situ XRD (Figure 3- 13b). The second peak 
corresponds to reoxidation of metallic Fe to Fe3O4 at 500°C, as can be inferred from the in 
situ XRD patterns of 10wt%Fe2O3-CeO2 (Figure 3- 14a) obtained during CO2-TPO.  
For the 100 times cycled sample, the single broad consumption curve represents the 
combined reoxidation of Ce3+ above 450°C (Figure 3- 13b) and metallic Fe from 550°C 
onwards (Figure 3- 14b). In addition to the presence of diffraction peaks of CeO2 and Fe a 
diffraction peak of CeFeO3 due to solid-solid transformation is observed. The formation of 
CeFeO3 results in a loss of oxygen storage capacity in the material. 
 
Figure 3- 14: The time resolved XRD patterns during CO2-TPO of 10wt%Fe2O3-CeO2 (a) as 
prepared and (b) 100 times redox cycled sample. 
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A similar analysis was performed for 80wt%Fe2O3-CeO2. The reoxidation of as prepared 
and cycled materials of 80wt%Fe2O3-CeO2 (Figure 3- 13c) peaked at similar temperatures 
(~600oC). The position analysis of CeO2(111) showed that partial reoxidation of Ce3+ to 
Ce4+ occurs at ~470oC for as prepared material and at ~600°C for the 100 times cycled 
sample (Figure 3- 13d). These temperatures fall within the conventional reoxidation 
profile of both materials. In addition, these broad peaks contain a contribution from the 
reoxidation of metallic Fe to Fe3O4, occurring at 600°C for as prepared (Figure 3- 15a) as 
well as for cycled material (Figure 3- 15b) as seen from the in situ XRD. The diffraction 
patterns during both the CO2-TPO treatments showed patterns of CeO2 and transitions of 
iron oxides but no peaks corresponding to CeFeO3 were observed. Similar reoxidation 
temperatures were observed in the fresh and cycled samples for 80wt%Fe2O3-CeO2, 
whereas in 10wt%Fe2O3-CeO2 the reoxidation of the cycled sample shifted to higher 
temperatures.  
 
Figure 3- 15: The time resolved XRD patterns during CO2-TPO of 80wt%Fe2O3-CeO2 (a) as 
prepared and (b) 100 times redox cycled sample. 
 




In chemical looping, deactivation of Fe2O3-CeO2 oxygen storage materials is observed as a 
decline in CO yield as a function of redox cycles. Extensive characterization of materials, 
by means of in situ XRD, TEM and XAS, showed the latter is due to a combination of solid-
solid transformation and sintering. The former comprises the formation of a new phase 
and/or elemental segregation. Sintering on the other hand leads to an increase of 
crystallite size and, hence, smaller surface area. The nature and extent of these changes 
determine the overall yield of the chemical looping reaction in a prolonged redox process.  
3.4.1 Solid-solid transformation 
The first kind of the materials deactivation of the present study, solid-solid 
transformation can be categorized into two types: 1) formation of a perovskite phase 
CeFeO3 due to interaction of Fe and CeO2 during redox cycling [28, 30, 41, 42] and 2) 
segregation of Fe from the solid solution Ce1-xFexO2-x [8]. The perovskite formation was 
identified using in situ XRD and XAS, while the segregation of Fe was identified using the 
XRD lattice parameter evolution during the first 10 cycles.  
In the first type of deactivation, the amount of exchangeable oxygen is restricted by the 
nature of the phase formed. If the new phase remains inert to reduction and oxidation, 
this results in a decrease of oxygen available for reaction and hence lowering of the 
oxygen storage capacity. The second type of deactivation, segregation of Fe from Ce1-
xFexO2-x leads to destruction of the solid solution and higher reduction temperatures for 
CeO2, which is not beneficial for the redox process [8, 43, 44]. 
3.4.1.1 Perovskite formation (CeFeO3) 
To assess the influence of CeFeO3 on the redox properties during cycling, pretreated 
50wt%Fe2O3-CeO2 was investigated using in situ XRD. The peak position analysis of 
CeFeO3 (112) during H2-TPR and CO2-TPO (Figure 3- 16) showed a steady shift towards 
lower two theta values, due to thermal lattice expansion. Hence, the perovskite phase 
didn’t show reducibility in the given temperature range, and the formation of CeFeO3 only 
led to loss of active metal available for reaction.  
 




Figure 3- 16: The CeFeO3 (112) peak position during H2-TPR and CO2-TPO of pre-treated 
50wt%Fe2O3-CeO2.  
CeFeO3 peak positions during (  ) H2-reduction and (  ) CO2 reoxidation. 
 
3.4.1.2 Segregation of Fe 
For as prepared materials, Ce-K EXAFS modelling revealed around 21mol% of Ce 
substituted by Fe inside Ce1-xFexO2-x. TEM images show the presence of atomically 
dispersed Fe throughout CeO2, while the CeO2 lattice parameter calculations from XRD 
indicate that an amount of Fe was incorporated inside the lattice of CeO2 (Figure 3- 3).  
 
Figure 3- 17: The CeO2 lattice parameters of cycled 10wt% Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 as 
a function of cycles. Lattice parameters of (  ) 80wt%Fe2O3-CeO2 and (  ) 10wt%Fe2O3-CeO2. The 
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In previous work on 5wt%Fe2O3-CeO2, agglomeration of segregated Fe was observed in 
TEM after 10 redox cycles, leading to nanoclusters at the CeO2 grain boundaries23. To 
further investigate the phenomenon of Fe segregation, lattice parameter calculations 
were performed after each redox cycle (Figure 3- 17). It turned out that Fe was segregated 
from the CeO2 lattice upon the very first redox cycle, while for subsequent cycles, the 
lattice parameter levelled off between 0.5389-0.5392nm. When comparing these values 
to those after 100 cycles (Table 3- 1), it appears that the unit cell parameters do increase 
further, from 0.5389-0.5392nm at cycle 10 (Figure 3- 17) to 0.5401nm upon cycle 100 
(Table 3- 1). This indicates that an amount of Fe is segregated easily in the first redox 
cycle, but further withdrawal of Fe proceeds much slower. 
The effect of Fe segregation upon the redox properties of the material can be twofold. On 
the one hand, it destroys the solid solution Ce1-xFexO2-x, which in turn will lead to more 
elevated redox temperatures and enhanced sintering for CeO2. On the other hand, the 
segregated Fe can contribute to the redox capacity of iron oxides, but is also likely to suffer 
from sintering.  
3.4.2 Sintering 
During sintering the overall oxygen available remains unchanged, but the increased 
diffusion time of oxygen from the bulk to the surface leads to a loss of CO yield. To assess 
when the effect of sintering sets in, the change in crystallite size of both CeO2 and Fe3O4 
was determined as a function of cycles (Figure 3- 18). Sintering of iron oxide is more rapid 
in 10wt%Fe2O3-CeO2 than in 80wt%Fe2O3-CeO2 (Figure 3- 18). For 10wt%Fe2O3-CeO2, 
the increase in crystallite size of iron oxide is especially steep after the first cycle: from 
5nm Fe2O3 particles in as prepared material to ~30nm Fe3O4 after 1 redox cycle. This huge 
size increase will relate not only to sintering of the Fe2O3 nanoparticles originally present, 
but also to Fe segregated from CeO2, as an important fraction of Fe is segregated from Ce1-
xFexO2-x after the first cycle (Figure 3- 17). For further redox cycles, crystal growth 
continues but after cycle 10, the size is already close to the value after 100 cycles (Table 
3- 1). In parallel to Fe3O4 particle size growth, also CeO2 sinters, possibly more rapidly as 
the solid solution between Ce and Fe deteriorates.  
In 80wt%Fe2O3-CeO2, large particles of Fe2O3 are present from the start with Ce1-xFexO2-x 
as physical barrier in between them. Sintering of Fe3O4 in the first 10 cycles is less severe 
than in 10wt%Fe2O3-CeO2. From the value after 100 cycles (Table 3- 1) it follows that 
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particle size will keep increasing throughout cycling operation. However, compared to 
pure iron oxide the loss in CO yield is significantly reduced24. For the solid solution Ce1-
xFexO2-x, particle sizes increase mostly in the first 10 cycles, i.e. when Fe is segregated from 
the lattice, but remain relatively stable afterwards (Table 3- 1). 
 
Figure 3- 18: Crystallite sizes of CeO2 and Fe3O4 during the first 10 redox cycles of 10wt%Fe2O3-
CeO2 and 80wt%Fe2O3-CeO2.  
(    ) Fe2O3 in as prepared material, (  ) Fe3O4 and (  ) CeO2 crystallite sizes in 10wt%Fe2O3-
CeO2. (  ) Fe2O3 in as prepared material, (  ) Fe3O4 and (  ) CeO2 crystallite sizes in 
80wt%Fe2O3-CeO2 ( ) guide for crystallite size evolution from Fe2O3 to Fe3O4, ( ) guide 
to the eye for crystallite size increase between similar phase. Error bars represent standard 
deviation (68% confidence interval) calculated from 3 most intense peaks. 
 
3.4.3 Deactivation of 10wt%Fe2O3-CeO2 and 80wt% Fe2O3-CeO2 
Different forms of deactivation have been identified in 10wt%Fe2O3-CeO2 and 80wt% 
Fe2O3-CeO2: solid-solid transformation to perovskite (CeFeO3), segregation of Fe, and 
sintering, each playing a role in the loss of CO yield. The way in which each mechanism of 
deactivation affects the materials largely depends on their bulk composition. In 
10wt%Fe2O3-CeO2, CeO2 is the bulk oxygen storage carrier, while in 80wt% Fe2O3-CeO2 it 
is Fe2O3 and these will largely determine the behaviour of the oxygen storage material in 
a chemical looping process. 
In 10wt%Fe2O3-CeO2, iron oxide promotes the active material by enhancing the redox 
properties of CeO2. The latter is achieved by the dissolution of Fe into the lattice of CeO2, 
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oxygen from the bulk. The resulting solid solution Ce1-xFexO2-x is known for its enhanced 
redox properties. Upon prolonged cycling of 10wt%Fe2O3-CeO2, deactivation occurs due 
to sintering, perovskite formation and segregation of Fe from Ce1-xFexO2-x. In a redox 
atmosphere, Fe segregates out of the lattice of CeO2 and sinters rapidly along with CeO2, 
in parallel to the perovskite phase transformation. This results in loss of reducibility as 
observed in TPR and TPO of the cycled material (Figure 3- 11e and Figure 3- 13b). The 
deactivation in 10wt%Fe2O3-CeO2 materials is summarized in Figure 3- 19a.  
In 80wt%Fe2O3-CeO2, Fe3O4 is the bulk oxygen carrier and CeO2 acts as chemically active 
promoter. In as prepared material, Ce1-xFexO2-x solid solution particles decorate the larger 
iron oxide crystallites (Figure 3- 4). After cycling, all particle sizes have increased but the 
overall structure of decoration remains unchanged. A distinct perovskite phase is not 
observed, but cannot be excluded. Overall, the reducibility of this sample is largely 
preserved after cycling (Figure 3- 12e and Figure 3- 13c). The role of the decorating CeO2 
crystallites is mainly preventing physical contact of iron oxide with only limited 
contribution to the oxygen storage capacity. The behavior of 80wt%Fe2O3-CeO2 can be 
represented as in Figure 3- 19b. 
 
Figure 3- 19: Deactivation in (a) 10wt%Fe2O3-CeO2 and (b) 80wt%Fe2O3-CeO2 after 100 redox 
cycles.  
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3.4.4 Material deactivation: what to do? 
To counter the observed types of deactivation, several options are available. The 
formation of a perovskite phase in 10wt%Fe2O3-CeO2 or similar CeO2-rich materials can 
be avoided by applying a regeneration process. In contrast to CO2-TPO, O2-TPO is capable 
of restoring the redox phases. The material is decomposed into CeO2 and Fe2O3 around 
400°C, so that the incorporated Fe can be regenerated. 
Based on the decomposition of perovskite (CeFeO3) using O2, it was investigated whether 
it was equally feasible to regenerate the redox cycled samples of 10wt%Fe2O3-CeO2 and 
80wt%Fe2O3-CeO2 using O2. Figure 3- 20 confirms that for both materials, an O2 treatment 
is beneficial to the CO yield. An increase is observed in 10wt%Fe2O3-CeO2 (Figure 3- 20). 
In this material, a significant perovskite phase is present after cycling, as evidenced by 
XRD (Figure 3- 2b(ii)))) and linear combination fitting of XANES Ce-LIII, finding 30% of Ce 
in 3+ state, which is attributed to perovskite (CeFeO3) formation. Similar to pre-treated 
50wt%Fe2O3-CeO2, the O2 treatment likely decomposes the perovskite (CeFeO3) structure 
and leads to the regeneration of the oxygen carriers Fe2O3 and CeO2, with corresponding 
restoring of the CO yield. However, the regeneration does not bring back the original CO 
yield and moreover, it is lost very rapidly when cycling is continued. Hence, loss of oxygen 
storage capacity due to perovskite formation is an important deactivation pathway in this 
sample.  
In 80wt%Fe2O3-CeO2 hardly any increase in the CO yield upon O2 treatment was observed. 
This could be related to the fact that the perovskite (CeFeO3) is less present after cycling 
of this material (Figure 3- 2b(i)) although its presence could be inferred from Ce-LIII XAS 
analysis showing 13% of Ce in 3+ state. Unlike in 10wt%Fe2O3-CeO2, perovskite 
formation is not the cause of CO yield degeneration in 80wt%Fe2O3-CeO2, which will 
mainly proceed through other forms of deactivation.  
The effect of deactivation due to sintering appears from the regeneration study of the 
samples (Figure 3- 20 and Figure 3- 1). Despite the restoration of Fe2O3 and CeO2 phases 
by means of O2 treatment, the materials could not regain the CO yield of the as prepared 
materials because of the increased crystallite size.  
For Fe2O3-rich materials, sintering is the dominant process to be countered. Sintering is 
the physical process which leads to the loss of material surface due to crystallite growth 
of either the support material or the active phase. Sintering is strongly temperature 
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dependent. The core mechanism is surface diffusion or, at sufficiently high temperature, 
mobility of larger aggregates. 
 
Figure 3- 20: Regeneration study of 10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 by means of O2 
treatment. (■) 10wt%Fe2O3-CeO2 and ( ) 80wt%Fe2O3-CeO2.  
 
This leads to a correlation with the melting point. The solid-state diffusion becomes faster 
when the temperature is closer to the melting point. The so-called Hüttig and Tamman 
temperatures are indicative for the temperature at which sintering may occur. When the 
Hüttig temperature is reached, atoms at defects will become mobile. At the Tamman 
temperature, atoms from the bulk will show mobility, while at the melting temperature, 
overall mobility will be really high. The following empirical relations for the Hüttig 
(equation 3-2) and Tamman (equation 3-3) temperatures are recommended for use. 
THüttig = 0.3Tmelting          (3-2) 
TTamman = 0.5Tmelting          (3-3) 
In the reducing and oxidizing atmosphere of a chemical looping process, the thermal 
stability of the material changes depending on the material state. For example, the melting 
temperatures for Fe2O3, Fe3O4, FeO, and Fe are 1565°C, 1597°C, 1377°C and 1538°C, 
respectively. The formation of FeO during the reduction/oxidation process will naturally 
decrease the material melting temperature, which can lead to fast material sintering. 
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although recent developments have focused on encapsulating metal crystallites to 
eliminate mobility, while still allowing access for reactants and products [45].  
The decoration of Fe2O3 with small CeO2 crystallites provides a valid strategy for reduced 
sintering but could be improved. Various promoter materials can be used for this 
approach, but most of them give rise to solid−solid transformation leading to lower CO 
production. The properties of CeO2 can be further enhanced by adding a second element, 
e.g. ZrO2, CeZrO2. Those materials present high resistance to sintering and, in addition, 
will not form a perovskite phase with iron oxides. 
10wt%Fe2O3-CeO2 and 80wt%Fe2O3-CeO2 oxygen storage materials were subjected to 
prolonged redox cycling to study their deactivation. Three types of deactivation were 
identified: sintering, Fe segregation from solid solution and perovskite formation, leading 
to a loss of CO yield. The segregation of Fe from the Ce1-xFexO2-x occurs very fast, from the 
first redox cycle on. It leads to lower reducibility of CeO2, but at the same time provides 
more iron oxide storage capacity after decomposition of perovskite (CeFeO3) resulting in 
more reducible Fe. Perovskite (CeFeO3) forms in the first tens of cycles and leads to a loss 
of oxygen storage capacity as it is non-reducible. Sintering then again is a slower process 
which continues throughout cyclic operation. It causes crystallites to grow in size, thereby 
increasing the diffusion time of bulk oxygen to the surface. Hence, a lower degree of 
reduction is reached and upon reoxidation a lower CO yield is obtained. 
The relative importance of these deactivation types depends on the composition of the 
oxygen storage material. In 80wt%Fe2O3-CeO2 deactivation is predominantly caused by 
sintering of iron oxides. Fe segregation is of minor importance given the composition of 
this material. Similarly, perovskite formation may possibly occur, but will hardly affect 
the cycling productivity. In 10wt%Fe2O3-CeO2 all three types of deactivation are at play, 
this is why deactivation for this composition is more rapid and severe during the first 10 
cycles.  
A regeneration study shows that after treatment with O2, the CO yield for both materials 
increases slightly. The increase in the CO yield is more prominent in 10wt%Fe2O3-CeO2, 
where the O2 treatment leads to decomposition and phase segregation of CeFeO3. 
However, the overall CO yield remains lower than at the start of cycling, showing the 
importance of sintering in this material.  
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In terms of CO yield, 80wt%Fe2O3-CeO2 stands out as the best material for prolonged 
cycling. In this material, the main deactivation type sintering is reduced by the strategy of 
decorating Fe2O3 with CeO2 nanoparticles. Based on this deactivation study, replacing 
CeO2 with a compound that does not undergo solid-solid transformations, could prove 
worthwhile in view of further countering deactivation. 
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Mg-Fe-Al-O for advanced CO2 to CO conversion: 
carbon monoxide yield vs. oxygen storage capacity 
A detailed study of new oxygen carrier materials, Mg-Fe-Al-O with various loadings of iron 
oxide (10 - 100wt% Fe2O3) is carried out in order to investigate the relationship between 
material transformation, stability and CO yield from CO2 conversion. In situ XRD during 
H2-TPR, CO2-TPO and isothermal chemical looping cycles as well as Mössbauer 
spectroscopy are employed. All samples show the formation of a spinel phase, MgFeAlOx. 
High loadings of iron oxide (50-90wt%) lead to both spinel and Fe2O3 phases and show 
deactivation in cycling as a result of Fe2O3 particle sintering. During the reduction, 
reoxidation and cycling of the spinel MgFeAlOx phase, only limited sintering occurs. This 
is evidenced by the stable spinel crystallite sizes (~15-20 nm) during isothermal cycling. 
The reduction of MgFe3+AlOx starts at 400°C and proceeds to MgFe2+AlOx. Prolonged 
cycling and higher temperature (> 750°C) lead to deeper reduction and segregation of Fe 
from the spinel structure. Very high stability and CO yield from CO2 conversion are found 
in a Mg-Fe-Al-O material with 10wt% Fe2O3, i.e. the lowest oxygen storage capacity among 
the tested samples. Compared to 10wt% Fe2O3 supported on Al2O3 or MgO, the CO yield 
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The contribution of carbon dioxide (CO2) towards the greenhouse effect is well known [1, 
2]. As suggested by the Intergovernmental Panel on Climate Control, a 50%−85% 
reduction in total CO2 emission by 2050 is necessary to limit the anticipated global 
temperature rise to 2°C [3]. Several alternative technologies have been proposed to 
mitigate the rising levels of CO2 in the atmosphere. Most of the technologies which have 
the capability of reducing CO2 emissions have a high energy penalty resulting in a 
reduction of their energy efficiency and an increase in the energy price. Thus, great efforts 
have been made during the last years to develop new low-cost carbon capture and storage 
technologies. Among these, chemical looping processes for carbon separation, capture 
and utilization are considered promising. The chemical looping processes allow intrinsic 
separation of pure CO2 from hydrocarbon combustion and enable its conversion into CO 
or syngas [4-9]. 
Chemical looping is a general term given to a process of transporting oxygen by means of 
a solid material which is used as oxygen carrier for the conversion of fuel. It is a cyclic 
process based on the periodic reduction and reoxidation of e.g. transition metal oxides 
which act as oxygen storage materials [9-11]. During the reduction phase, a gas reduces 
these metal oxides, thereby producing CO2 and/or H2O. In the reoxidation phase, carbon 
dioxide and/or steam are conducted to the reactor and reoxidize the oxygen storage 
materials hereby producing CO and/or H2. Chemical looping CO2 conversion utilizes more 
CO2 than it produces in the reduction step [6, 12-15] when methane or biogas is used as 
reducing agent. Hence, this process has been one of the possible target technologies for 
CO2 conversion and its advantage lies in its simplicity, as it can be carried out in one single 
reactor without any additional post processing steps.  
The process economics are governed by the redox activity and stability of the transition 
metal oxides. Among the latter, iron oxides hold great promise due to their environmental 
compatibility and abundant availability, when compared to their counterparts (Cu, Ni, Mn, 
Co) [16-18]. However, pure iron oxide deactivates rapidly due to sintering. In an attempt 
to eliminate sintering, the use of promoter materials such as CeO2, CeZrO2, SiO2, Al2O3, 
MgO and MgAl2O4 was proposed by several investigators [12, 19-25]. These promoters 
prevent sintering of the active material by either taking part in the reaction along with the 
iron oxide or/and acting as a physical barrier during reaction [26]. Promoters like CeO2 
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and CeZrO2 contribute towards the reaction with their redox properties while 
additionally forming thermally stable solid solutions. The success of the materials 
depends greatly on the solid-solid transformation occurring during the reaction. At the 
typical operating conditions of chemical looping, 700-900°C, structural transformations 
between the phases, leading to spinel formation, are inevitable. The various spinels like 
Fe2SiO4, FeAl2O4 and Mg1-xFexO1-x formed during the reaction contribute towards stability 
by preventing sintering during prolonged cycling. However, spinel formation generally 
also leads to higher reduction temperatures and decreased oxygen storage capacity of the 
promoted iron oxides [27, 28].  
A previous study, focusing on the redox properties of Fe2O3 with Al2O3 during prolonged 
H2O and CO2 splitting via chemical looping, revealed that both sintering and phase 
transformations contribute towards deactivation during the isothermal cycling process 
[29]. Sintering was the predominant cause of deactivation for materials with Al2O3 
loadings less than 30wt%, at a cycling temperature of 650°C. On the other hand, phase 
transformation to FeAl2O4 was mainly observed at higher loadings and at an operating 
temperature of 750°C. These structural changes modified the redox properties of the 
materials but also contributed towards increased stability. During prolonged CO2 and H2O 
splitting over 100 cycles, the materials where the FeAl2O4 formation was intense showed 
stable operation while materials with lower Al2O3 loadings, where FeAl2O4 was not 
predominant, sintered continuously leading to rapid deactivation upon cycling. The 
modified materials’ properties, in particular the higher reduction temperature of the 
spinel FeAl2O4, contributed towards its stability which eventually proved beneficial to the 
reaction, even though the material had a lower oxygen storage capacity. Hence, apart from 
oxygen storage capacity, structural stability and repeated reducibility contribute towards 
high redox activity and are of equal importance in the design of oxygen storage materials. 
In order to address the redox activity and stability of Al2O3 modified iron oxide, MgFeAlOx 
is suggested here as new oxygen storage material. The combination of Al3+, Fe3+ and Mg2+ 
nitrates results after calcination in the formation of a MgFeAlOx spinel. It allows limited 
interaction of Fe2O3 with Mg-Al-O as only a fixed amount of Fe is incorporated in the spinel 
lattice. The formation of MgFeAlOx is usually the result of substitution of Al3+ with Fe3+ in 
MgAlOx which leads to stabilization and enhancement of reducibility properties [30, 31]. 
In the context of chemical looping, pure MgAl2O4 based materials have been extensively 
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applied [32-35]. Fe2O3 supported on inert MgAl2O4 proved to perform well as oxygen 
carrier both for chemical looping combustion and for the steam–iron reaction [36, 37]. 
The spinel MgFeAlOx has also been applied previously, in processes like ethyl benzene 
dehydrogenation and removal of pollutants like SOx [38, 39]. The behaviour of mixed 
materials MgFeAlOx in chemical looping and the role of their structural transformation 
has not been investigated. Hence, a detailed study was undertaken to establish a 
structure-property relationship and find a link between product yield and oxygen storage 
capacity for a series of MgFeAlOx, with varying loading of iron. The MgFeAlOx materials, 
prepared by co-precipitation, are investigated for the conversion of CO2 in a chemical 
looping process. Experimental performance data are reported as well as structural 
characterization of the Mg-Fe-Al-O materials during reduction and reoxidation. Samples 
are labelled as X-Mg-Fe-Al-O, where X represents the equivalent Fe2O3 wt%. 
4.2 EXPERIMENTAL 
4.2.1 Preparation of oxygen storage material 
Mg-Fe-Al-O materials were prepared in a one pot synthesis with varying loadings of Fe2O3 
(10, 20, 30, 50, 70, 80, 90 and 100wt%). Also, to compare the effect of different promoters, 
similar loadings of Fe2O3 with Al2O3 and MgO were synthesized. The following chemicals 
were used in the preparation of the mixed oxides: Fe(NO3)3·9H2O (99.99%, Sigma-
Aldrich®), Mg(NO3)2·6H2O (99.99%, Sigma-Aldrich®), Al(NO3)3.9H2O (98%, Sigma-
Aldrich®). All samples were prepared via co-precipitation by ammonium hydroxide. The 
precipitate was then separated by filtration, followed by drying in an oven at 120°C for 14 
hours. The resulting samples were calcined at 750°C for 6 hours. Samples are labelled as 
X-Mg-Fe-Al-O, where X represents the equivalent Fe2O3 wt% content as determined from 
ICP. 
4.2.2 Material characterization  
The Brunauer−Emmett−Teller (BET) surface area was determined by N2 adsorption at -
196°C (five point BET method using Gemini Micromeritics). The crystallographic phases 
of the as prepared materials were determined using a Siemens Diffractometer 
Kristalloflex D5000, with Cu Kα radiation. The powder patterns were collected in a 2θ 
range from 10° to 80° with a step of 0.02° and 30s counting time per angle. The crystallite 
size was determined using the Scherrer equation by fitting a Gaussian function to the four 
most intense characteristic peaks of each compound to obtain the peak widths [40].  
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The bulk chemical composition of the as prepared samples was determined by inductively 
Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) on an ICAP 6500 of Thermo 
Scientific. The ICP samples were mineralized by alkaline fusion with a mix of Li-
tetraborate and Li-metaborate. Mössbauer spectra at -192°C were collected for sample 
30-Mg-Fe-Al-O in as prepared state and after several treatments using a spectrometer 
operating in constant acceleration mode with triangular reference signal and a 57Co(Rh) 
source. The counts were accumulated in 1024 channels. Spectra were run until an off-
resonance count rate of at least 106 per channel was reached. The spectrometers were 
calibrated by collecting the RT spectrum of a reference metallic-iron foil or a standard -
Fe2O3 powder, depending on the applied velocity range. Isomer shifts quoted hereafter 
are referenced with respect to -Fe at room temperature. The spectra were fitted with 
symmetrical Lorentzian-shaped sextets and/or doublets. 
SEM images were acquired with a FEI Quanta 200F setup with a field emission electron 
source for high resolution imaging and beam stability. The EDX analysis in SEM was 
performed using EDAX Genesis 4000. 
The redox behavior of the different samples was investigated using H2-TPR, CO2-TPO and 
isothermal cycling in an Autochem II 2920, Micromeritics setup. About 30 mg of sample 
was pretreated in a He stream at 100°C for 30 min prior to running the TPR experiment 
and then cooled to room temperature in He. The TPR was carried out by ramping the 
sample to a temperature of 800°C in a reducing feed gas of 5mol% H2 in argon at a flow 
rate of 1.1 Nml/s. The sample was cooled to room temperature and then subjected to TPO 
under CO2 in helium up to 800°C. During both TPR and TPO, the temperature was linearly 
ramped at a constant rate of 0.5°C/s. The CO2 and H2 consumption were monitored by MS 
(OmniStar, Pfeiffer Vacuum). In addition, the stability of performance of the materials was 
tested through prolonged use of the material in isothermal redox cycling at 750oC using 
alternate H2 reduction and CO2 reoxidation, with intermediate He purging. 
4.2.3 In situ X-ray Diffraction (XRD) analysis 
The crystallographic changes during H2-TPR, CO2-TPO and isothermal cycling were 
followed with in situ XRD in a home-built reaction chamber housed inside a Bruker-AXS 
D8 Discover apparatus (Cu Kα radiation of 0.154 nm). The reactor chamber was equipped 
with a Kapton foil window for X-ray transmission. A linear Vantec detector allowed 
covering a 2θ range of 20° with an angular resolution of 0.1°. For each sample, 
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approximately 10 mg of powdered sample was evenly spread on a single crystal Si wafer. 
Interaction of the catalyst material with the Si wafer was never observed. Before each 
experiment, the reactor chamber was evacuated to a base pressure of 4 Pa by a rotation 
pump. Gases were supplied to the reactor chamber from a rig with calibrated mass-flow 
meters.  
A full XRD scan (10° to 65° with a step of 0.02°) was performed at room temperature 
before and after each H2-TPR, CO2-TPO and isothermal cycling experiment. The TPR was 
performed in flow conditions of 5mol%H2/He at 1.1 Nml/s up to a temperature of 800°C. 
This was followed by reoxidation with 100mol% CO2 at the same flow rate up to 800°C. 
Both of these treatments were performed at a uniform rate of 0.5°C/s to maintain similar 
conditions during the H2-TPR and CO2-TPO in both the in situ XRD and the Micromeritics 
set up. The isothermal redox experiments were carried out at a temperature of 750°C with 
alternating H2 reduction and CO2 reoxidation sequences at a constant flow rate of 1.1 
Nml/s each. As a means for testing stability as oxygen carrier material, several samples 
were subjected to 5 subsequent redox cycles.  
4.2.4 Experimental Reactor Setup  
Test measurements were carried out at atmospheric pressure in a quartz tube 
microreactor (i.d. 10 mm), placed in an electric furnace. Typically, 30 mg of sample was 
packed between quartz wool plugs. The samples were diluted by quartz with a ratio of 
1:10. The temperature of the catalyst bed was measured with K-type thermocouples 
touching the outside and inside of the reactor at the position of the catalyst bed. In all 
experiments, the material was reduced by 5mol%H2/Ar and reoxidized by 100mol% CO2. 
The total flow rate of the feed gas into the reactor was maintained constant at 1.1 Nml/s 
by means of Brooks mass flow controllers. The performance of the samples was 
investigated at 750°C. The feed and product gas streams were monitored online using an 
OmniStar Pfeiﬀer mass spectrometer (MS). The response of the mass spectrometer 
detector was regularly verified with calibration gases. A carbon balance with a maximum 
deviation of 15% was obtained.  
Hydrogen consumption originates from reduction of Fe2O3 to Fe and of MgFe3+AlOx to 
MgFe2+AlOx. In each cycle, reoxidation by CO2 occurs for Fe and MgFe2+AlOx to Fe3O4 and 
MgFe3+AlOx, respectively. The further oxidation of Fe3O4 to Fe2O3 can only be achieved by 
application of gaseous oxygen. Consumption of H2 and CO2 are connected in that these 
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molecules respectively consume and provide one oxygen atom. Hence, the molar amount 
of hydrogen consumption during reduction corresponds with the molar amount of carbon 
monoxide production during CO2 reoxidation. The CO yield was calculated from the ratio 








)             (4-1) 
Y= Yield of CO (-) 
nCO= Mole of CO produced (mol) 
nFe2O3= Mole of Fe2O3 (mol) 
4.3 RESULTS  
4.3.1 Material characterization 
The XRD patterns of the as prepared oxygen storage materials are shown in Figure 4- 1. 
The sharp diffraction lines observed in samples 100- to 50-Mg-Fe-Al-O were assigned to 
Fe2O3. With decreasing Fe2O3 content, new diffraction peaks appear and these intensify 
further as the loading further decreases. Pure MgAl2O4 has diffractions situated at 31.3° 
(220), 36.9° (311), 44.8° (400), 59.4° (511) and 65.2° (440) mainly and its lattice 
parameter amounts to 8.083 Å (PDF: 00-021-1152). 
 
Figure 4- 1: XRD spectra for as prepared X-Mg-Fe-Al-O samples, in various compositions (X = 
equivalent wt% of total amount of Fe2O3 in the sample); diffractions: (  ) MgFeAlOx, (  ) Fe2O3 
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The presently observed diffractions, stemming from the MgFeAlOx promoter material, lie 
close to these angle values. For all sample compositions, a lattice parameter of 8.101 Å 
was calculated, i.e. slightly higher than for pure MgAl2O4. This expansion in lattice can be 
explained by the substitution of Fe3+ for Al3+ in the spinel structure, as the Fe3+ cation 
(0.060 nm) has a larger radius than Al3+ (0.053 nm). For lower loadings of Fe2O3, peaks 
of Fe2O3 were no longer observed. This indicates that either Fe2O3 is finely dispersed or 
has been fully incorporated into the lattice of MgAl2O4. The Mössbauer spectrum for as 
prepared 30-Mg-Fe-Al-O revealed an asymmetric doublet structure (Figure 4- 2) [41, 42]. 
It was adequately fitted by a superposition of two (symmetric) Lorentzian-shaped 
quadrupole doublets D1 (red component in Figure 2) and D2 (blue component in Figure 
2) indicating at least two Fe sites. The obtained values for the isomer shift Fe and the 
quadrupole splitting EQ clearly indicated that the Fe species in this sample are trivalent 
(Figure 4- 2). They could be ascribed to Fe3+ partly in tetrahedral (A) and partly in 
octahedral (B) lattice sites, respectively. On the other hand, considering the broad line 
width  of the dominant doublet D1, the observed asymmetric line shape might actually 
be explained by the presence of a more or less broad distribution of Fe and EQ values, 
possibly due to non-uniform distortions of the site symmetries as a result of unordered 
cation distribution. 
 
Figure 4- 2: Mössbauer spectrum of 30-Mg-Fe-Al-O. The red and the blue deconvolutions 
represent two distinct Fe3+doublets. 
 
The absence of a sextet signal indicated that Fe was not present as Fe2O3, which is in line 
with the XRD pattern of 30-Mg-Fe-Al-O, where no diffractions of Fe2O3 show. Hence, for 
samples with low Fe2O3 loading, all Fe was incorporated as Fe3+ into the spinel structure 
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indicating at least 2 different sites. Based on XRD and Mössbauer, this spinel phase can 
thus be written as Mg-Fe-Al-O. 
 
Table 4- 1: Mössbauer parameters for sample 30-Mg-Fe-Al-O, as prepared, after 4 min H2 
reduction (Figure 12a), after 4 min H2 reduction and subsequent 4 min CO2 reoxidation (Figure 
12b), and after H2-TPR to 900°C. D: doublet, Fe: isomer shift, EQ:  quadrupole splitting, : line 
width (full width at half maximum), RA relative spectral area; S: sextet, 2Q: sextet quadrupole 












D1 0.40 0.89 0.61  0.84 
D2 0.35 0.52 0.36  0.16 
H2-reduced 
D1 0.35 0.93 0.62  0.66 
D2 0.32 0.53 0.28  0.08 
D3 1.29 2.40 0.36  0.12 
D4 1.15 1.89 0.81  0.14 
CO2-reoxidized 
D1+D2 0.37 0.82 0.66 - 0.56 
D3+D4 1.20 2.39 0.69 - 0.27 
S1 0.52 -0.04 - 387 0.10 
S2 0.31 0.04 - 239 0.07 
H2-reduced to 
900°C 
D1+D2 0.22 1.09 0.64 - 0.18 
D3+D4 1.21 2.39 0.57 - 0.20 
S1 0.108 0.004 - 339 0.62 
       
 
The crystallite sizes of all as prepared samples were calculated using the Scherrer 
equation. The iron oxide crystallite sizes decreased from 139 to 60 nm with decreasing 
loading from 100 to 50wt% Fe2O3 (Figure 4- 3a). In general the MgFeAlOx phase exhibited 
smaller crystallite sizes (10-22 nm) when compared to those of Fe2O3 (Figure 4- 3a). The 
results of the N2-BET analysis showed an increase in surface area with decreasing Fe2O3 
content (Figure 4- 3b).  




Figure 4- 3: Crystallite size and BET surface area as function of Fe2O3 amount in the sample. (a) 
Crystallite size of Fe2O3 and Mg-Fe-Al-O phases in the samples. As prepared: ( □ ) MgFeAlOx and ( 
 ) Fe2O3; ( ■ ) MgFeAlOx and (  ) Fe3O4 after 5 isothermally redox cycles at 750°C. Crystallite 
size calculated based on XRD data using the Scherrer equation. (b) BET specific surface area for 
as prepared samples. The error bar indicates the standard deviation. 
 
The SEM images of various Mg-Fe-Al-O materials are shown in Figure 4- 4. For 90-Mg-Fe-
Al-O large and small particles appeared. Based on the XRD pattern, the larger particles 
correspond to Fe2O3, while the fine ones pertain to MgFeAlOx spinel. The crystallite sizes 
tended to decrease quite significantly between 90- and 50-Mg-Fe-Al-O when compared to 
pure Fe2O3 (Figure 4- 4a-c, inset). Samples with Fe2O3 loadings below 50wt% exhibited a 
much smaller spinel crystallite size, see Figure 4- 4(d-f).  




Figure 4- 4: SEM images of various as prepared samples: (a) 90-Mg-Fe-Al-O, (b) 70-Mg-Fe-Al-O, 
(c) 50-Mg-Fe-Al-O, (d) 30-Mg-Fe-Al-O, (e) 20-Mg-Fe-Al-O, (f) 10-Mg-Fe-Al-O; central inset: Fe2O3. 
 
4.3.2 Reactivity and stability tests 
The results of CO yield with respect to the iron content are shown in Figure 4- 5. The initial 
CO yield lies between 0.5 and 0.7 molCO molFe2O3⁄  for all samples, with highest value for 
70- and 10-Mg-Fe-Al-O. After 10 cycles, 10-Mg-Fe-Al-O shows the highest CO yield (0.65 
molCO molFe2O3⁄ ), which is only slightly below its initial value. This yield lies below the 
theoretical value, which amounts to 1.33 molCO molFe2O3⁄ . Mg-Fe-Al-O materials with 
Fe2O3 loading between 50 and 80wt% show a similar CO yield (0.45 to 0.5 
molCO molFe2O3⁄ ). When the Fe2O3 content is higher, the CO yield quickly decays. For 
comparison, the same redox activity and stability experiment has been performed on 
10wt%Fe2O3-Al2O3 and 10wt%Fe2O3-MgO, with the same amount of Fe as 10-Mg-Fe-Al-
O. Both reference materials present a 10 fold lower CO yield after 10 cycles than 10-Mg-
Fe-Al-O, proving the beneficial action of the Fe-modified spinel. 




Figure 4- 5 : CO yield in redox cycles for the series of X-Mg-Fe-Al-O samples and for two reference 
materials 10wt%Fe2O3-Al2O3 and 10wt%Fe2O3-MgO. Each cycle (16 min) is composed of 4 min H2 
(5mol% H2 in Ar), 4 min He, 4 min CO2 and 4 min at 750°C. All the gas flow rates were 1.1 Nml/s. 
 
The CO yield per mole Fe2O3 for the Mg-Fe-Al-O materials after 10 cycles almost follows 
the inverse order of Fe2O3 loading, with 50-Mg-Fe-Al-O slightly out of line. The order of 
the CO yield thus aligns with the decrease in Fe2O3 XRD intensity (Figure 4- 1) as well as 
the decreasing Fe2O3 particle size as indicated for the Fe2O3 loadings in Figure 4- 3a. Based 
on XRD and Mössbauer, samples containing lowest loadings of Fe2O3 (< 30wt%) have all 
of the iron oxide incorporated into the spinel phase. This phenomenon leads to a high CO 
yield per mole of Fe and less deactivation. 
To study the effect of sintering on Mg-Fe-Al-O materials with lower Fe2O3 loadings (< 
30wt%), prolonged cycling was performed. The CO yield per mole Fe2O3 for 25 redox 
cycles using 50-Mg-Fe-Al-O as oxygen carrier material is depicted in Figure 4- 6. A very 
high CO production was observed during the initial cycle. However, upon cycling 
continued deactivation does occur and the final yield is less than haf of the original value. 
Figure 4- 6 also shows the results of 60 isothermal redox cycles using 10-Mg-Fe-Al-O as 
oxygen carrier material. With respect to the yield of CO, despite some fluctuations, the 
results are quite stable. Hence, from the yield and stability measurements, it is concluded 
that the content of Fe2O3 should definitely be lower than 50wt% to obtain structural 
stability. 10-Mg-Fe-Al-O remains stable for 60 cycles under operating conditions.  




Figure 4- 6: CO yield as a function of number of isothermal redox cycles for oxygen carrier 
materials (  ) 10-Mg–Fe–Al–O and (  ) 50-Mg–Fe–Al–O. Each cycle (16 min) is composed of 4 
min H2 (5mol% in Ar), 4 min He, 4 min CO2 and 4 min He at 750°C. All the gas flow rates were 1.1 
Nml/s. 
 
4.4 IN SITU XRD 
The changes in the crystal structure for all modified iron oxide materials were monitored 
by in situ XRD measurements during H2-TPR, CO2-TPO and isothermal redox cycling. 
4.4.1 H2-TPR 
Figure 4- 7 displays the time resolved in situ XRD during H2-TPR of samples 50-, 30- and 
10-Mg-Fe-Al-O, along with the H2-TPR consumption profile of these materials in a 
conventional TPR reactor. 50-Mg-Fe-Al-O (Figure 4- 7a) shows reduction of hematite 
(isolated angles 2θ at 41°, 50°, 54°) to magnetite (2θ at 43°, 57°) at 450°C and reduction 
of magnetite to wuestite (2θ=42°) at 550°C. The transition of FeO to metallic Fe (2θ=45°) 
starts at a temperature of 600°C. In addition, diffraction peaks are present from the spinel 
phase MgFeAlOx, at 2θ=45° overlapping with the Fe diffraction and at 2θ=59°, up to the 
temperature of 800°C. 




Figure 4- 7: In situ XRD pattern recorded during H2-TPR for (a) 50-Mg-Fe-Al-O, (b) 30-Mg-Fe-Al-
O, (c) 10-Mg-Fe-Al-O; (d) Conventional H2-TPR for 50-, 30- and 10-Mg-Fe-Al-O. The samples were 
heated from room temperature to 800°C with heating rate 0.5°C/s. Gas flow rate: 1.1 Nml/s 
hydrogen (5 mol%H2 in Ar). 
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For 30-Mg-Fe-Al-O only characteristic diffractions from the MgFeAlOx are observed 
throughout the whole temperature range (Figure 4- 7b). However, the intensity of the 45° 
diffraction is seen to increase from 600°C onward. The latter could indicate the presence 
of an additional diffraction originating from Fe metal, which has segregated from the 
spinel phase during reduction. For sample 10-Mg-Fe-Al-O, shown in Figure 4- 7c, only 
spinel diffractions appear throughout the entire temperature range. Hence, the spinel 
material is not noticeably reduced in this temperature window. The reduction of these 
materials was examined further through conventional H2-TPR experiments. Figure 4- 7d 
represents reduction profiles of the 50-, 30- and 10-Mg-Fe-Al-O samples. 
For 50-Mg-Fe-Al-O, the first maximum of hydrogen consumption is at II 440°C. Based on 
Figure 4- 7a, this corresponds to the transformation of hematite to magnetite. Further 
reduction of magentite to wuestite starts at III 500°C, with a local maximum around 
580°C, which is however overlapping with the onset of reduction to metallic Fe yielding 
an asymmetric transition to the maximum of FeO - Fe reduction at IV 740°C. This profile 
was typical in all materials with loadings higher than 50wt% Fe2O3. 
For low loadings of Fe2O3 (< 30wt%), the first reduction peak I lies at 400°C, followed 
by a broad maximum at 600°C for 30-Mg-Fe-Al-O or above 800°C for 10-Mg-Fe-Al-O. In 
the case of 30-Mg-Fe-Al-O, the second maximum could correspond to reduction and 
segregation of Fe from the spinel structure, as the intensity change in the XRD pattern 
suggests. For 10-Mg-Fe-Al-O on the other hand, XRD gives no additional information as 
no structural transitions appear. Hence, it must be concluded that reduction occurs 
through loss of oxygen without major restructuring of the material. Rather, subtle 
transitions between different spinel types may occur, which go unnoticed in XRD as their 
diffractions lie too close to be distinguished. 
4.4.2 CO2-TPO 
The H2-TPR was immediately followed by a CO2-TPO. The 2D maps for in situ XRD of these 
same samples are shown in Figure 4- 8 along with the conventional reoxidation profiles. 
During oxidation of 50-Mg-Fe-Al-O (Figure 4- 8a), Fe is present up to 550°C and then 
reoxidizes into magnetite. Weak spinel lines are visible throughout the TPO. A wuestite 
pattern was not observed. This suggests that wuestite either occurs as highly reactive 
intermediate between metallic iron and magnetite, or it is not formed at all under the 
present conditions.  




Figure 4- 8: In situ XRD pattern during CO2-TPO for (a) 50-Mg-Fe-Al-O, (b) 30-Mg-Fe-Al-O and (c) 
10-Mg-Fe-Al-O; (d) Conventional CO2-TPO for Mg-Fe-Al-O promoted iron oxides. The samples 
were heated from room temperature to 800°C with heating rate 0.5°C/s. Gas flow rate: 1.1 Nml/s 
CO2. 
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Oxidation of metallic iron to magnetite (2θ=57°) combined with the spinel signal results 
in a broad signal between 2θ=56°-59°. The reoxidation of 30-Mg-Fe-Al-O (Figure 4- 8b) 
starts off with a strong 45° diffraction, representing the superposition of the spinel and 
Fe metal diffraction. Around 500°C, a clear intensity change occurs at 2θ=44°-45°. This 
relates to the disappearance of the Fe metal diffraction contribution at 45°. Just like in H2-
TPR, 10-Mg-Fe-Al-O (Figure 4- 8c) shows only 2 diffraction lines without significant 
intensity variation. Conventional CO2-TPO experiments following the H2-TPR, are 
presented in Figure 4- 8d. After reduction of pure hematite to metallic iron, oxidation 
appears to occur in one step. As seen in Figure 4- 8a wuestite is not observed as 
intermediate and a single-step oxidation from metallic iron to magnetite is observed in 
50-Mg-Fe-Al-O and lower loadings (not shown).  
30-Mg-Fe-Al-O and 10-Mg-Fe-Al-O also show a TPO signal that corresponds to a single 
step oxidation at 450°C and 420°C as indicated in Figure 4- 8d. With increasing 
promoter content, the general trend is that reoxidation by CO2 occurs at lower 
temperatures due to stabilization of the spinel particle size. 
The in situ TPR and TPO investigations showed various phases of iron oxides for materials 
with Fe2O3 loadings higher than 50wt%. For lower loadings the spinel was the 
predominant phase and the formation of other phases was difficult to discern due to close 
overlap of peaks of iron oxides and spinel. Hence, a higher temperature TPR and TPO was 
performed to study the reducibility of the material to metallic Fe. The high temperature 
in situ H2 reduction study up to 900°C for 30-Mg-Fe-Al-O is represented in Figure 4- 9a. It 
shows close overlap of the diffraction patterns of spinel MgFeAlOx and metallic Fe. This 
makes it difficult to distinguish the appearance of the Fe phase explicitly from the in situ 
XRD pattern during reduction. But the formation of metallic Fe could be discerned from 
the ex situ XRD diffraction peaks in Figure 4- 9b.  




Figure 4- 9: (a) In situ XRD pattern of 30-Mg-Fe-Al-O during H2-TPR between room temperature 
and 900°C and (b) XRD full scan of 30-Mg-Fe-Al-O at room temperature after H2 reduction. (c) In 
situ XRD pattern of 30-Mg-Fe-Al-O during CO2-TPO between room temperature and 900°C and (d) 
full range scan after the reoxidation of 30-Mg-Fe-Al-O at room temperature. (  ) MgFeAlOx, (  ) 
Fe and (  ) Fe3O4; Gas flow rates: 1.1 Nml/s hydrogen (5mol%H2 in Ar) and 1.1 Nml/s CO2. 
Heating rate: 0.5°C/s. 
 
Despite the close overlap between spinel and metallic Fe diffractions, the presence of 
metallic Fe could be deduced from the relative intensity of the less intense spinel peak 
(400) at 2θ=45°, which is higher than its most intense peak (311) at 2θ=36°. The increase 
in intensity of the peak at 2θ=45° and the shoulder at 2θ=65°, matching with the 
characteristic diffractions of metallic Fe, clearly indicate Fe formation. The lattice 
parameter calculation of the XRD post TPR shows that the spinel lattice parameter is 
8.101 Å, showing the spinel MgFeAlOx with incorporated Fe remains stable even at these 
temperatures. This indicates that only partial segregation of Fe from the spinel occurs at 
high temperature and even higher temperatures are required for further decomposition 
of spinel. 
Figure 4- 9c shows the in situ CO2-TPO reoxidation of Fe and spinel, where no clear 
diffraction patterns from Fe3O4 were observed. The full scan in Figure 4- 9d shows that 
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Fe3O4 is indeed present as indicated by its characteristic diffraction peaks. The TPR and 
TPO patterns thus show that part of the iron oxide in the spinel can be reduced to metallic 
Fe and then back to Fe3O4, while the overall spinel structure remains stable even at 900°C. 
4.4.3 Isothermal redox cycles 
As a means for identifying the structural changes in the oxygen carrier material during 
reaction, two samples were subjected to 5 subsequent redox cycles, while being 
monitored in situ with XRD: 50-Mg-Fe-Al-O, and 10-Mg-Fe-Al-O as the latter presents the 
highest CO yield and stability.  
The results of the in situ XRD for 50-Mg-Fe-Al-O during five isothermal redox cycles at 
750°C are shown in Figure 4-10a. As cycling proceeds, the reduction of magnetite 
(2θ=57°) to metallic Fe (2θ=45°) becomes incomplete and a mixture of FeO (2θ=42°) 
and Fe is observed after each half cycle. The residual signal around 2θ=45°, observed in 
oxidation steps, as well as the diffraction peak at 2θ=59° are characteristic for MgFeAlOx 
spinel.  
The SEM image of the as prepared 50-Mg-Fe-Al-O sample in Figure 4- 10b shows only one 
type of morphology with a particle size ~37 nm. The presence of two different phases of 
Fe2O3 and MgFeAlOx was however confirmed by XRD as shown in Figure 4- 1. XRD yielded 
a crystallite size of ~53.5 nm for Fe2O3 and ~19 nm for MgFeAlOx as seen in Figure 4- 3a. 
The SEM image of the sample after five times redox cycling in Figure 4- 10c shows an 
increase in crystallite size to ~59 nm due to sintering. The presence of two different 
morphologies was again identified only using XRD. 




Figure 4- 10: (a) In situ XRD during five isothermal redox cycles at 750°C for 50-Mg-Fe-Al-O. SEM 
micrographs of the (b) as prepared and (c) after cycling. Each cycle (16 min) comprises alternate 
pulses of 4 min H2 (5mol%H2 in Ar), 4 min He, 4 min CO2 and 4 min He. All the gas flow rates were 
1.1 Nml/s. 
 
For 10-Mg-Fe-Al-O, the in situ XRD measurements during cycling show that the MgFeAlOx 
phase remains stable in chemical looping conditions (Figure 4- 11a). Thus, the spinel 
contributes towards stability and provides fine dispersion of Fe in the material which 
could be the reason for its high CO yield. SEM images of the as prepared sample (Figure 
4- 11b) and spent sample, after 60 isothermal redox cycles (Figure 4- 11c), also show one 
type of material. The material morphology in as prepared and spent sample is quite 
similar, indicative of a spinel stable in redox cycling. 
Figure 4- 3a shows the changes in crystallite size in all samples after isothermal cycles. 
The average crystallite sizes calculated from SEM are in agreement with the values 
calculated from XRD. The MgFeAlOx phase shows a quite stable crystallite size when 
compared to its as prepared values. When iron oxide is present as a separate phase, it 
does suffer from sintering, with a stronger increase in size as a consequence. 




Figure 4- 11: (a) In situ XRD for five isothermal redox cycles at 750°C for 10-Mg-Fe-Al-O. SEM 
micrographs of the 10-Mg-Fe-Al-O (b) as prepared and (c) after 60 isothermal redox cycles at 
750°C. Each cycle (16 min) comprises alternate pulses of 4 min H2 (5mol%H2 in Ar), 4 min He, 4 
min CO2 and 4 min He. All the gas flow rates were 1.1 Nml/s. 
 
4.4.4 Mössbauer analysis 
The Mössbauer analysis of the 30-Mg-Fe-Al-O sample after one 4 min reduction half cycle 
and after subsequent reoxidation are shown in Figure 4- 12a and b. The spectrum of the 
sample after H2 reduction revealed the presence of four quadrupole doublets as shown in 
Figure 4- 12a. 
The subspectra D3 and D4 were irrefutably assigned to Fe2+ species, D1 and D2 to Fe3+. 
These results showed that the two different Fe sites were both affected by reduction. 
Further, the doublets D1 (Fe3+) and D4 (Fe2+) concerned the same Fe site, and so did D2 
(Fe3+) and D3 (Fe2+). The Fe2+/Fe3+ ratio for this sample was estimated to be 0.37  0.03, 
hence not all iron oxide species in 30-Mg-Fe-Al-O were reduced in the 4 min H2 exposure. 
The fit results are shown in Table 4- 1. In contrast to the H2-TPR experiment followed with 
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in situ XRD on this same sample, Mössbauer analysis found no evidence for the presence 
of Fe. This is related to the fact that only 4 minutes of reduction were applied to the sample 
before performing the Mössbauer measurement, while in TPR, the sample undergoes a 
more extended reduction. 
The reoxidized spectrum in Figure 4- 12b still revealed the same doublets, indicating that 
the majority of the Fe species remained in the spinel phase. In addition to these doublets, 
the appearance of two weak sextet components, S1 and S2, was recognized, pointing 
towards the presence of magnetic Fe phases.  
 
Figure 4- 12: Mössbauer spectra of 30-Mg-Fe-Al-O after isothermal (a) H2 reduction (b) CO2 
reoxidation. Red (D1) and blue (D2): Fe3+ doublets; Green (D3) and black (D4): Fe2+ doublets. 
 
In view of the extended velocity scale and hence lower resolution, the two ferric and 
ferrous doublets of the spinel contribution were less resolved and hence fitted using only 
one Fe3+ doublet, covering the previous D1 and D2, and one Fe2+ doublet (D3+D4). The 
fit results are tabulated in Table 4- 1.  
The parameter values of the composed Fe3+ and Fe2+ doublet subspectra, denoted 
(D1+D2) and (D3+D4) in Table 4- 1, were in line with the average values of the 
parameters of the separated doublets D1 and D2, and D3 and D4, respectively, as resolved 
from the previous spectra (Table 4- 1). This implies that a major fraction of the 30-Mg-Fe-
Al-O spinel phase was not drastically affected by the subsequent treatments. Based on the 
Fe values of the sextets, these could arise from some magnetically ordered Fe3+ oxide(s), 
segregated from the spinel structure, but their specific origin remains uncertain. 
In order to enhance the effect of reduction upon 30-Mg-Fe-Al-O as observed in the 
Mössbauer spectrum of Figure 12a, a more deep reduction was pursued with this material 
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by exposure to H2-TPR up to 900°C. The corresponding Mössbauer spectrum is displayed 
in Figure 13. It consists of a central contribution containing a Fe3+ and Fe2+ doublet, as 
well as a sharp sextet component The hyperfine parameters of the sextet were 
characteristic for metallic Fe, -Fe (Table 4- 1). This indicates the formation of metallic 
Fe as previously deduced from the full XRD scans after high temperature H2-TPR. Further, 
it also shows the existence of Fe3+ and Fe2+ ions even after reduction at 900°C, confirming 
that the MgFeAlOx spinel is stable even at these high temperatures and that complete 
decomposition of the spinel is not achieved. 
 
Figure 4- 13: Mössbauer spectrum of 30-Mg-Fe-Al-O after H2-TPR at 900°C. Red: Fe3+ doublet. 
Green: Fe2+ doublet. Cyan and inset line markers: -Fe sextet. 
 
4.5 DISCUSSION 
The present study using in situ XRD, Mössbauer and prolonged cycling tests addresses 
three most important aspects of a chemical looping process, i.e. (i) stability, (ii) product 
yield and (iii) optimum oxygen storage capacity. Stability of the materials is an indicator 
of the material’s resistance to sintering. It is well known that pure Fe2O3 deactivates 
rapidly due to sintering. Sintering is essentially a process, limited by diffusion of metal 
cations [26, 43-45], which leads to agglomeration of iron particles, without however 
changing the total oxygen storage capacity. This phenomenon leads to increase in particle 
size and a decline in overall surface area.  
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The latter entails a decline in product yield, as surface area and redox activity play a 
complementary role during the reaction [46-48]. Hence, it is crucial to eliminate the 
contact between adjacent iron oxide particles. Previous studies show that addition of 
materials like CeO2, ZrO2, CeZrO2, La2O3, MgO and Al2O3 prevent sintering by acting as a 
physical barrier between adjacent iron oxide particles [26, 49-53]. The interaction of the 
aforementioned materials with iron oxides may lead to formation of various structures 
like CeFeO3, LaFeO3, MgFe2O4 and FeAl2O4 [26, 49-53]. However the formation of these 
structures results in a decrease in the amount of oxygen available for reaction. This lower 
oxygen storage capacity leads to a decrease in product yield. These materials also require 
a high temperature for reduction and oxidation, leading to higher operating temperatures. 
In the present study the incorporation of Fe in a spinel MgFeAlOx leads to enhanced 
stability and CO yield of the materials. Small amounts of iron are fully incorporated into 
the spinel structure, while for larger loadings, a separate Fe2O3 phase is formed. Hence, 
the materials synthesized can be written as either MgFeAlOx or Fe2O3/MgFeAlOx. Spinel 
particles have smaller as prepared sizes than Fe2O3. Highest stability in this study is 
obtained for materials with predominant MgFeAlOx phase i.e. without Fe2O3 phase 
separation. In prolonged cycling at 750°C, 10-Mg-Fe-Al-O remains particularly stable. 
All spinel structures without separate iron oxide phase are stable at high temperature as 
seen from the isothermal cycles at 750°C. In addition and unlike the other spinel forms 
studied before, they exhibit a lower reduction and reoxidation temperature in 
conventional H2-TPR and CO2-TPO profiles. The spinel phase can be reduced and 
reoxidized back to MgFe3+AlOx without the formation of any intermediate structures. 
Based on in situ XRD and Mössbauer, the spinel reduction can be described as 
MgFe3+AlOx →  MgFe
2+AlOx  at temperatures lower than 750°C (Figure 4- 14a), while 
segregation and reduction to metallic Fe is obvious for prolonged reduction or at higher 
temperatures according to MgFe3+AlOx →  MgFe
2+AlOx + Fe (Figure 4- 14b). This ease 
in reduction and oxidation contributes to the increased CO yield of the spinel. 




Figure 4- 14: Reduction and oxidation pathways of various oxygen carrier materials: (a) 
MgFeAlOx spinel phase at temperature < 750°C, (b) spinel phase at temperature > 750°C, (c) 
mixed Fe2O3/MgFeAlOx phase 
 
The occurrence of a separate iron oxide phase, as for Fe2O3 loadings above 30wt% (Figure 
4-14c), is always detrimental to the CO yield as it leads to enhanced sintering. While the 
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depending on temperature, the separate iron oxide phase will be reduced to Fe, but at the 
same time suffer from severe sintering. Indeed, the MgFeAlOx spinel suffers less from 
sintering based on particle size determination before and after cycling (Figure 4- 3). 
Stabilization of Fe inside the spinel structure greatly improves the stability of the material 
in cycling.  
The calculated oxygen storage capacities of the materials are represented in Figure 4- 15. 
For the materials 10- to 30-Mg–Fe–Al–O the cycling proceeds between Fe3+ and Fe2+. For 
the materials with higher loadings of Fe2O3, the cycling in Fe2O3/MgFeAlOx will change the 
Fe oxidation state from Fe3+ and Fe2+ and back in spinel and between Fe3+ and Fe0 in iron 
oxides. 
 
Figure 4- 15: Oxygen storage capacities of the materials from 10- to 90-Mg–Fe–Al–O. Oxygen 
storage capacities of (  ) separate Fe2O3 and (  ) iron incorporated in spinel. 
 
The current results for Mg-Fe-Al-O materials prove that oxygen capacity alone is not 
enough to make a good cycling material. Rather, reducibility (Figure 4- 7) and stability 
(Figure 4- 5) are of equal if not higher importance because they ensure durability. Hence, 
although the oxygen storage capacity of 10-Mg-Fe-Al-O is lowest of all materials because 
of its low Fe content, it proves to be the most stable and durable. This is ascribed to the 
redox properties combined with the structural stability, which are both equally important 
characteristics for oxygen carrier selection in chemical looping. These structural features 
make MgFeAlOx a promising candidate even though it has a much lower oxygen storage 

































A series of Mg-Fe-Al-O samples are prepared as oxygen storage materials for chemical 
looping processes in order to investigate the stability and CO yield. XRD and Mössbauer 
spectra of the as prepared materials confirm the formation of a spinel MgFeAlOx as 
crystallographic phase in all samples. An additional Fe2O3 phase is observed in samples 
with Fe2O3 loadings > 30wt%. For decreasing content of Fe2O3, smaller crystallite sizes 
are obtained and for lowest Fe2O3 loadings, only a mixed MgFeAlOx spinel phase is 
observed.  
For Fe2O3 loadings above 30wt%, redox cycling leads repeatedly to reduction from Fe2O3 
to Fe3O4, FeO and Fe, while the spinel is only partially reduced. Nevertheless, samples with 
high Fe2O3 loading suffer from rapid deactivation during the first 10 cycles, due to 
sintering of the iron oxides. At lower loadings (< 30wt%) most of the iron is in the form 
of MgFeAlOx which reduces and oxidizes back between Fe3+ and Fe2+, leading to stable 
performance over prolonged period of time. This typical pattern is observed in the 
temperature range up to 750°C, while at higher temperature extraction of Fe from the 
spinel occurs due to high temperature reduction and segregation. Reoxidation of the 
segregated metallic Fe to Fe3O4 is confirmed by full XRD scans.  
The MgFeAlOx spinel formation leads to highest efficiency of Fe for CO2 utilization. Even 
though Fe incorporated inside the spinel has a low oxygen storage capacity when 
compared to Fe2O3/MgFeAlOx, the stabilization of Fe in the form of MgFeAlOx results in 
improved performance. The best performing sample was 10-Mg-Fe-Al-O, showing only a 
spinel phase. Compared to 10wt% Fe2O3 supported on Al2O3 or MgO, the CO yield of this 
10-Mg-Fe-Al-O spinel proves to be ten times higher. The spinel structure remained stable 
in isothermal cycling at 750°C and could retain this stability for over 60 cycles by partial 
cycling of Fe between Fe3+ to Fe2+. Although the 10-Mg-Fe-Al-O spinel exhibits a low 
oxygen storage capacity, it can exchange this oxygen for a much longer time because it 









This work was supported by the Long Term Structural Methusalem Funding of the 
Flemish Government, the Interuniversity Attraction Poles Programme, IAP7/5, Belgian 
State – Belgian Science Policy, and the Fund for Scientific Research Flanders (FWO; project 
G004613N). The authors equally acknowledge support from Prof. C. Detavernier with the 
in situ XRD equipment (Department of Solid State Sciences, Ghent University). 
4.7 REFERENCES  
[1] A. Levasseur, P. Lesage, M. Margni, L. Deschenes, R. Samson, Considering Time in LCA: Dynamic 
LCA and Its Application to Global Warming Impact Assessments, Environmental Science & 
Technology, 44 (2010) 3169-3174. 
[2] J.G. Canadell, C. Le Quere, M.R. Raupach, C.B. Field, E.T. Buitenhuis, P. Ciais, T.J. Conway, N.P. 
Gillett, R.A. Houghton, G. Marland, Contributions to accelerating atmospheric CO2 growth from 
economic activity, carbon intensity, and efficiency of natural sinks, Proceedings of the National 
Academy of Sciences of the United States of America, 104 (2007) 18866-18870. 
[3] E. Zedillo, GLOBAL WARMING Looking Beyond Kyoto Introduction, Global Warming: Looking 
Beyond Kyoto, (2008) 1-10. 
[4] L.S. Fan, L. Zeng, W.L. Wang, S.W. Luo, Chemical looping processes for CO2 capture and 
carbonaceous fuel conversion - prospect and opportunity, Energy & Environmental Science, 5 
(2012) 7254-7280. 
[5] W.K. Jozwiak, E. Kaczmarek, T.P. Maniecki, W. Ignaczak, W. Maniukiewicz, Reduction behavior 
of iron oxides in hydrogen and carbon monoxide atmospheres, Applied Catalysis A: General, 326 
(2007) 17-27. 
[6] S. Bhavsar, M. Najera, G. Veser, Chemical Looping Dry Reforming as Novel, Intensified Process 
for CO2 Activation, Chemical Engineering & Technology, 35 (2012) 1281-1290. 
[7] P.C. Chiu, Y. Ku, Chemical Looping Process - A Novel Technology for Inherent CO2 Capture, 
Aerosol and Air Quality Research, 12 (2012) 1421-1432. 
[8] V.V. Galvita, H. Poelman, C. Detavernier, G.B. Marin, Catalyst-assisted chemical looping for CO2 
conversion to CO, Applied Catalysis B: Environmental, 164 (2015) 184-191. 
[9] Q.L. Song, W. Liu, C.D. Bohn, R.N. Harper, E. Sivaniah, S.A. Scott, J.S. Dennis, A high performance 
oxygen storage material for chemical looping processes with CO2 capture, Energy & 
Environmental Science, 6 (2013) 288-298. 
Mg-Fe-Al-O for advanced CO2 to CO conversion:carbon monoxide yield vs. oxygen storage capacity  
133 
 
[10] J.E. Readman, A. Olafsen, Y. Larring, R. Blom, La0.8Sr0.2Co0.2Fe0.8O3-delta as a potential oxygen 
carrier in a chemical looping type reactor, an in-situ powder X-ray diffraction study, Journal of 
Materials Chemistry, 15 (2005) 1931-1937. 
[11] C.L. Muhich, B.W. Evanko, K.C. Weston, P. Lichty, X.H. Liang, J. Martinek, C.B. Musgrave, A.W. 
Weimer, Efficient Generation of H2 by Splitting Water with an Isothermal Redox Cycle, Science, 
341 (2013) 540-542. 
[12] V.V. Galvita, H. Poelman, G.B. Marin, Hydrogen Production from Methane and Carbon Dioxide 
by Catalyst-Assisted Chemical Looping, Topics in Catalysis, 54 (2011) 907-913. 
[13] V.V. Galvita, H. Poelman, V. Bliznuk, C. Detavernier, G.B. Marin, CeO2-Modified Fe2O3 for 
CO2Utilization via Chemical Looping, Industrial & Engineering Chemistry Research, 52 (2013) 
8416-8426. 
[14] V.V. Galvita, H. Poelman, G.B. Marin, Combined chemical looping for energy storage and 
conversion, Journal of Power Sources, 286 (2015) 362-370. 
[15] M. Najera, R. Solunke, T. Gardner, G. Veser, Carbon capture and utilization via chemical 
looping dry reforming, Chemical Engineering Research and Design, 89 (2011) 1533-1543. 
[16] A. Abad, J. Adanez, F. Garcia-Labiano, L.F. de Diego, P. Gayan, J. Celaya, Mapping of the range 
of operational conditions for Cu-, Fe-, and Ni-based oxygen carriers in chemical-looping 
combustion, Chemical Engineering Science, 62 (2007) 533-549. 
[17] P. Cho, T. Mattisson, A. Lyngfelt, Comparison of iron-, nickel-, copper- and manganese-based 
oxygen carriers for chemical-looping combustion, Fuel, 83 (2004) 1215-1225. 
[18] V.V. Galvita, M. Filez, H. Poelman, V. Bliznuk, G.B. Marin, The Role of Different Types of CuO in 
CuO–CeO2/Al2O3 for Total Oxidation, Catalysis Letters, 144 (2014) 32-43. 
[19] J. Adanez, A. Abad, F. Garcia-Labiano, P. Gayan, L.F. de Diego, Progress in Chemical-Looping 
Combustion and Reforming technologies, Progress in Energy and Combustion Science, 38 (2012) 
215-282. 
[20] T. Mattisson, A. Jardnas, A. Lyngfelt, Reactivity of some metal oxides supported on alumina 
with alternating methane and oxygen-application for chemical-looping combustion, Energy & 
Fuels, 17 (2003) 643-651. 
[21] Q. Zafar, T. Mattisson, B. Gevert, Redox investigation of some oxides of transition-state metals 
Ni, Cu, Fe, and Mn supported on SiO2 and MgAl2O4, Energy & Fuels, 20 (2006) 34-44. 
[22] D.D. Miller, R. Siriwardane, Mechanism of Methane Chemical Looping Combustion with 
Hematite Promoted with CeO2, Energy & Fuels, 27 (2013) 4087-4096. 
   Chapter 4 
134 
 
[23] V. Galvita, T. Schroder, B. Munder, K. Sundmacher, Production of hydrogen with low COx-
content for PEM fuel cells by cyclic water gas shift reactor, International Journal of Hydrogen 
Energy, 33 (2008) 1354-1360. 
[24] M. Tang, L. Xu, M. Fan, Progress in oxygen carrier development of methane-based chemical-
looping reforming: A review, Applied Energy, 151 (2015) 143-156. 
[25] N.L. Galinsky, A. Shafiefarhood, Y. Chen, L. Neal, F. Li, Effect of support on redox stability of 
iron oxide for chemical looping conversion of methane, Applied Catalysis B: Environmental, 164 
(2015) 371-379. 
[26] V. Galvita, T. Hempel, H. Lorenz, L.K. Rihko-Struckmann, K. Sundmacher, Deactivation of 
modified iron oxide materials in the cyclic water gas shift process for CO-free hydrogen 
production, Industrial & Engineering Chemistry Research, 47 (2008) 303-310. 
[27] T.V. Reshetenko, L.B. Avdeeva, A.A. Khassin, G.N. Kustova, V.A. Ushakov, E.M. Moroz, A.N. 
Shmakov, V.V. Kriventsov, D.I. Kochubey, Y.T. Pavlyukhin, A.L. Chuvilin, Z.R. Ismagilov, 
Coprecipitated iron-containing catalysts (Fe-Al2O3, Fe-Co-Al2O3, Fe-Ni-Al2O3) for methane 
decomposition at moderate temperatures: I. Genesis of calcined and reduced catalysts, Applied 
Catalysis A: General, 268 (2004) 127-138. 
[28] P.H. Bolt, F.H.P.M. Habraken, J.W. Geus, Formation of Nickel, Cobalt, Copper, and Iron 
Aluminates from alfa and gamma-Alumina-Supported Oxides: A Comparative Study, Journal of 
Solid State Chemistry, 135 (1998) 59-69. 
[29] L.K. Rihko-Struckmann, P. Datta, M. Wenzel, K. Sundmacher, N.V.R.A. Dharanipragada, H. 
Poelman, V.V. Galvita, G.B. Marin, Hydrogen and Carbon Monoxide Production by Chemical 
Looping over Iron-Aluminium Oxides, Energy Technology, 4 (2016) 304-313. 
[30] J.S. Yoo, A.A. Bhattacharyya, C.A. Radlowski, J.A. Karch, De-Sox Catalyst - the Role of Iron in 
Iron Mixed Solid-Solution Spinels, MgO.MgAl2-XFexO4, Industrial & Engineering Chemistry 
Research, 31 (1992) 1252-1258. 
[31] M. Ji, G.L. Chen, J.H. Wang, X.K. Wang, T. Zhang, Dehydrogenation of ethylbenzene to styrene 
with CO2 over iron oxide-based catalysts, Catalysis Today, 158 (2010) 464-469. 
[32] Q. Imtiaz, M. Broda, C.R. Muller, Structure-property relationship of co-precipitated Cu-rich, 
Al2O3- or MgAl2O4-stabilized oxygen carriers for chemical looping with oxygen uncoupling 
(CLOU), Applied Energy, 119 (2014) 557-565. 
[33] I. Adanez-Rubio, P. Gayan, A. Abad, L.F. de Diego, F. Garcia-Labiano, J. Adanez, Evaluation of a 
Spray-Dried CuO/MgAl2O4 Oxygen Carrier for the Chemical Looping with Oxygen Uncoupling 
Process, Energy & Fuels, 26 (2012) 3069-3081. 
Mg-Fe-Al-O for advanced CO2 to CO conversion:carbon monoxide yield vs. oxygen storage capacity  
135 
 
[34] N.L. Galinsky, A. Shafiefarhood, Y. Chen, L. Neal, F. Li, Effect of support on redox stability of 
iron oxide for chemical looping conversion of methane, 164 (2015) 371-379. 
[35] H. Leion, T. Mattisson, A. Lyngfelt, Solid fuels in chemical-looping combustion, International 
Journal of Greenhouse Gas Control, 2 (2008) 180-193. 
[36] M. Ryden, M. Arjmand, Continuous hydrogen production via the steam-iron reaction by 
chemical looping in a circulating fluidized-bed reactor, International Journal of Hydrogen Energy, 
37 (2012) 4843-4854. 
[37] M. Ryden, A. Lyngfelt, T. Mattisson, D. Chen, A. Holmen, E. Bjorgum, Novel oxygen-carrier 
materials for chemical-looping combustion and chemical-looping reforming; LaxSr1-xFeyCo1-yO3-
delta perovskites and mixed-metal oxides of NiO, Fe2O3 and Mn3O4, International Journal of 
Greenhouse Gas Control, 2 (2008) 21-36. 
[38] M. Ji, X.Y. Zhang, J.H. Wang, S.E. Park, Ethylbenzene dehydrogenation with CO2 over Fe-doped 
MgAl2O4 spinel catalysts: Synergy effect between Fe2+ and Fe3+, Journal of Molecular Catalysis A-
Chemical, 371 (2013) 36-41. 
[39] J.N. Wang, C.L. Li, A study of surface and inner layer compositions of Mg-Fe-Al-O mixed spinel 
sulfur-transfer catalyst using Auger electron spectroscopy, Materials Letters, 32 (1997) 223-227. 
[40] P. Scherrer, Nachr. Ges. Wiss. Göttingen, 2 ( 1918) 98–100. 
[41] Y. Ohishi, T. Kawabata, T. Shishido, K. Takaki, Q.H. Zhang, Y. Wang, K. Nomura, K. Takehira, 
Mg-Fe-Al mixed oxides with mesoporous properties prepared from hydrotalcite as precursors: 
Catalytic behavior in ethylbenzene dehydrogenation, Applied Catalysis A-General, 288 (2005) 
220-231. 
[42] X. Ge, M.S. Li, J.Y. Shen, The reduction of Mg-Fe-O and Mg-Fe-Al-O complex oxides studied by 
temperature-programmed reduction combined with in situ Mossbauer spectroscopy, Journal of 
Solid State Chemistry, 161 (2001) 38-44. 
[43] C.H. Bartholomew, Mechanisms of catalyst deactivation, Applied Catalysis A-General, 212 
(2001) 17-60. 
[44] P. Datta, L.K. Rihko-Struckmann, K. Sundmacher, Influence of molybdenum on the stability of 
iron oxide materials for hydrogen production with cyclic water gas shift process, Materials 
Chemistry and Physics, 129 (2011) 1089-1095. 
[45] T.I. Politova, V.V. Gal'vita, V.D. Belyaev, V.A. Sobyanin, Non-Faradaic catalysis: the case of CO 
oxidation over Ag-Pd alloy electrode in a solid oxide electrolyte cell, Catalysis Letters, 44 (1997) 
75-81. 
   Chapter 4 
136 
 
[46] B.R. Cuenya, Synthesis and catalytic properties of metal nanoparticles: Size, shape, support, 
composition, and oxidation state effects, Thin Solid Films, 518 (2010) 3127-3150. 
[47] A.S. Madden, M.F. Hochella, T.P. Luxton, Insights for size-dependent reactivity of hematite 
nanomineral surfaces through Cu2+ sorption, The Geochemical Society and The Meteoritical 
Society, 70 (2006) 4095-4104. 
[48] A. Nell, A. Getsoian, S. Werner, L. Kiwi-Minsker, A.T. Bell, Preparation and Characterization of 
High-Surface-Area Bi(1-x)/3V1-xMoxO4 Catalysts, Langmuir, 30 (2014) 873-880. 
[49] S. Roux, A. Bensakhria, G. Antonini, Study and improvement of the regeneration of metallic 
oxides used as oxygen carriers for a new combustion process, International Journal of Chemical 
Reactor Engineering, 4 (2006) 1-11. 
[50] A. Cabello, C. Dueso, F. Garcia-Labiano, P. Gayan, A. Abad, L.F. de Diego, J. Adanez, Performance 
of a highly reactive impregnated Fe2O3/Al2O3 oxygen carrier with CH4 and H2S in a 500 W-th CLC 
unit, Fuel, 121 (2014) 117-125. 
[51] H.H. Dong, M.J. Xie, J. Xu, M.F. Li, L.M. Peng, X.F. Guo, W.P. Ding, Iron oxide and alumina 
nanocomposites applied to Fischer-Tropsch synthesis, Chemical Communications, 47 (2011) 
4019-4021. 
[52] I. Baldychev, J.M. Vohs, R.J. Gorte, The effect of thermodynamic properties of zirconia-
supported Fe3O4 on water-gas shift activity, Applied Catalysis A-General, 356 (2009) 225-230. 
[53] F. He, Y.G. Wei, H.B. Li, H. Wang, Synthesis Gas Generation by Chemical-Looping Reforming 








Insight in kinetics from pre-edge features using 
time resolved in situ XAS 
The kinetics of reduction of a 10wt%Fe2O3-MgAl2O4 spinel were investigated using XRD 
and time resolved Fe-K QXANES. The Rietveld refinement of the XRD pattern showed the 
replacement of Al with Fe in the spinel structure and the formation of spinel MgFeAlOx. 
The XANES pre-edge feature was employed to study the reduction kinetics during H2-TPR 
(Temperature Programmed Reduction) to 730°C. About 55% of the Fe3+ in MgFeAlOx was 
reduced to Fe2+. A shrinking core model, which takes into account both solid state 
diffusion via an oxygen diffusion coefficient, and gas-solid reaction through a reaction rate 
coefficient was applied. The activation energy showed a linear dependence with the 
conversion. The good accordance between the shrinking core model description and the 
experimental data indicates that XANES pre-edge features can be used to correlate 













The development of energy storage materials for efficient fuel conversion has gained 
importance [1-5]. An increasingly popular approach of converting fuels towards value 
added chemicals is chemical looping [6-8]. It is a cyclic process where in the first half cycle, 
the oxygen storage materials undergo reduction through release of lattice oxygen 
resulting in the combustion of fuel to CO2 and H2O. In the second step the oxygen storage 
material is restored through regeneration with oxidizing gases such as CO2 and H2O, 
resulting in the production of CO or H2. The stability of the material during redox cycles 
determines the economics of the process. 
Materials such as perovskites and spinels are widely applied for this process, because of 
their stable oxygen storage capacity and high oxygen mobility [9, 10]. In a novel chemical 
looping application, Fe2O3/MgAl2O4 spinel was used as an energy storage material and 
Ni/MgAl2O4 as dry reforming catalyst, next to CaO/Al2O3 as sorbent material for CO2 
capture. In this so called ‘super-dry’ reforming [11] the combination of chemical looping 
dry reforming with a sorbent lead to a three times increase in CO production in 
comparison to the conventional process. The use of spinel MgAl2O4 as support for both 
the energy storage material and the catalyst lead to a more efficient utilization of CO2. In 
another study, Fe2O3 promoted by spinel MgAl2O4 showed excellent stability and redox 
activity in chemical looping through the formation of a MgFeAlOx spinel [12]. This spinel 
remained stable during prolonged chemical looping cycles and underwent limited 
sintering. Next, MgFeAlOx was employed as support for Ni in dry reforming reactions. The 
use of this support suppressed carbon formation and improved the stability of the 
catalyst. These properties make it an interesting alternative support material in catalysis.  
The structural properties of Fe2O3/MgAl2O4 and in particular of the spinel MgFeAlOx 
leading to this high stability are not fully understood. Hence, a detailed study using XRD 
and Fe-K edge QXANES was undertaken during material transformation. Transition 
metals like Fe are known to exhibit a pre-edge feature typically ~10eV below the 
absorption edge. This appears more intense in non-centrosymmetric sites due to an 
electric dipole-allowed transition between 1s and 4p and a dipole-forbidden transition 
between 1s and 3d with quadrupole coupling [13-15]. Hence the pre-edge feature 
involves contributions from both these dipole and quadrupole interactions. These 
features can be modelled by fitting the pre-edge with different contributions. The detailed 
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Fe-K pre-edge analysis performed by Wilke et al. indicates that the 1s to 3d transition 
normally occurs at lower energies (~7112 eV) and 1s to 4p at relatively higher energies 
(~7125 eV) [16].  
The exact behavior and corresponding energies of these transitions can vary depending 
on the location of Fe. Hence, the peak position and number of peaks employed to fit the 
pre-edge feature can provide insight about the Fe symmetry, oxidation state and 
coordination. For a precise pre-edge analysis however, the feature should be accurately 
extracted from the rising edge. This is performed by fitting an inclined arctangent which 
more closely mimics the rising edge feature in comparison to other functions such as a 
normal arctangent, Gaussian or cubic spline [13].  
In the present work, the pre-edge feature in the XANES region has been used as a tool to 
retrieve chemical information, i.e. identify the local coordination around Fe and the 
oxidation state during the reaction [17-20]. Previously, XANES white line analysis has 
been used towards kinetic analysis on various metal oxides [21-23]. This is, to the best of 
our knowledge, the first attempt to obtain kinetic insight in the behavior of this MgFeAlOx 
material based on a pre-edge based analysis. 
5.2 PROCEDURES 
5.2.1 Preparation of oxygen storage material 
10wt%Fe2O3-MgAl2O4 was prepared via a one pot co-precipitation method. The following 
chemicals were used in the preparation of the mixed oxide: Fe(NO3)3.9H2O (99.99%, 
Sigma-Aldrich®), Mg(NO3)2·6H2O (99.99%, Sigma-Aldrich®) and Al(NO3)3.9H2O (98%, 
Sigma-Aldrich®). A NH4OH (ACS reagent, 28.0-30.0% NH3 basis) solution was used as a 
precipitating agent to adjust the pH to 10, at 65°C. The precipitate was then separated by 
filtration, followed by drying in an oven at 120°C for 14 hours. The resulting sample was 
calcined at 750°C for 6 hours. 
5.2.2 Redox treatment 
The procedures adapted towards material testing have been explained in detail in chapter 
4. All the samples in the present study were subjected to isothermal chemical looping 
cycles at 750°C for 10, 25 and 50 redox cycles. In addition to the redox cycles, the material 
was subjected to two cycles of H2-TPR and CO2-TPO till 800°C. The sample retrieved after 
this treatment was used for XRD and Rietveld analysis. 
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5.2.3 X-ray Diffraction (XRD) 
The crystallographic phase of the as prepared material was determined using a Siemens 
Diffractometer Kristalloflex D5000, with Cu Kα radiation. The powder diffraction pattern 
was collected in a 2θ range from 10° to 110° with a step of 0.02°. The crystallite size was 
determined using the Scherrer equation by fitting a Gaussian function to the four most 
intense characteristic peaks of each compound to obtain the peak widths [24]. The 
Rietveld refinement on this material was performed using GSAS software [25]. 
5.2.4 Fe-K XANES measurements 
An in situ Quick XANES (QXANES) study was performed on 10wt%Fe2O3-MgAl2O4 during 
H2-TPR. QXANES measurements at the Fe-K edge (7112 eV) were carried out in 
transmission at the ROCK [26] beam line of the 2.75 GeV SOLEIL synchrotron (Saint-
Aubin, France) using an oscillating monochromator [27]. Approximately 5 mg of as-
prepared material, 50% diluted with boron nitride, was inserted into a 2 mm quartz 
capillary reactor and fixed by quartz wool plugs. The capillary reactor was mounted to a 
frame connected to gas feed lines through Swagelok fittings. The inlet gas flow rates were 
maintained by means of calibrated Brooks mass flow controllers. 
In addition, ex situ Fe-K XANES spectra of as-prepared and various pre-treated samples 
of 10wt%Fe2O3-MgAl2O4 along with reference materials (Fe2O3 and FeO) were recorded 
at the Dutch-Belgian Beam Line (DUBBLE, BM26A) [28] of the 6 GeV European 
Synchrotron Radiation Facility (ESRF, Grenoble, France). These materials were measured 
in a closed cycle He-cryostat (Oxford Instruments) at 80 K as pellets diluted with a 
suitable concentration of inert diluent BN to avoid self-absorption and hence minimize 
the thermal noise contributions from the Debye Waller factors. The energy of the X-ray 
beam was tuned using a double crystal monochromator operating in fixed exit mode using 
a Si(111) crystal pair.  
5.2.5 XANES data processing 
5.2.5.1 Normalization and atomic background removal  
The XANES spectra were analysed using XAS pre-processing software: Athena, a part of 
the Demeter 0.9.13 software package [29]. The pre-edge background was removed by 
subtracting an extrapolated modified Victoreen curve from the raw data.  
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The edge energy E0 was chosen at the maximum of the first derivative of the spectrum. 
The atomic background (µo) was calculated by the AUTOBK routine using a cubic spline 
fitting procedure. Normalization and atomic background subtraction were performed 
using the methodology of Koningsberger et al. [30].  
5.2.5.2 Pre-edge analysis 
The pre-processed XANES spectra were used further for pre-edge analysis (Figure 5- 1a). 
The latter was performed by extraction of this feature using an appropriate subtraction 
function for the rising edge. Among the methods described in literature, interpolation by 
a cubic spline, fitting with an arctangent, an inclined arctangent (arctangent with a first 
degree polynomial) or 2 Gaussian functions with a shared center, inclined arctangent 
(equation 5-1) is the most widely applied and accurate for pre-edge extraction (Figure 5- 







/(x − μ)) +
𝐴
2
+ (x − μ)m  
(5-1) 
𝐴= Amplitude of arctangent (-)  
W= Full width at half maximum 
µ = centroid energy (eV) 
 
x= Energy (eV)  
m= Slope (eV-1)  
 
Figure 5- 1: (a) Normalized XANES spectrum of 10wt%Fe2O3-MgAl2O4 with subtraction function; 
(b) extracted pre-edge feature.  
(_____) XAS signal of 10wt%Fe2O3-MgAl2O4, (----) inclined arctangent. 
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Subsequently, the pre-edge peak was modelled using pseudo-Voigt functions (equation 5-
2), representing different contributions for Fe3+ and Fe2+. Fitting was first performed on 
reference materials of Fe2O3 and FeO. The number of pseudo-Voigt peaks for modeling 
the pre-edge feature of the references was chosen based on preliminary knowledge of the 
expected number of electronic transitions [15, 31] from crystal field theory and their full 
width was constrained in consistence with the instrumental resolution. Once the centroid 
positions for the references were obtained, these values were used to determine the 
relative amounts of Fe3+ and Fe2+ in 10wt%Fe2O3-MgAl2O4.  
The pre-edge feature of 10wt%Fe2O3-MgAl2O4 was fit using pseudo-Voigt peaks to obtain 
the contributing centroids. These were correlated with the centroid position values of 
Fe3+ and Fe2+ in the reference materials and the peak area was used for quantification of 
iron in different oxidation states.  
The function minimization and related statistical analysis were performed using the 
MINUIT minimization code developed by CERN laboratories [32]. The MINUIT code was 
implemented to find the minimum value of the multi-parameter function.  





















Where G(x)= Gaussian function (-), 
L(x)= Lorentzian function (-),  
The fitting of the pre-edge model to the experiment was performed by minimizing the 
objective function and as a result χ𝑣
2  is obtained, which is the reduced sum of square 
residuals with v degrees of freedom. This parameter has been used in the pre-edge 
analysis to discriminate between fits with varying number of components [13]. In 
addition, the F-test was performed using the Hamiltonian formulation [33], and a 95% 
probability level was calculated. For evaluation of the global significance of the regression, 
the inverse F-value or R-value is reported.  
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Similar curve-fitting procedures are used in X-Ray absorption data processing packages 
(SixPACK [34] and Athena [29]), but have some limitations. For example, sharing fitting 
parameters for several model functions is not possible. In contrast, the present approach 
allows quick examination of multiple data sets in parallel, initial parameters can be stored 
and manipulated from input text files, and output data files are generated after each 
analysis.  
5.2.5.3 Post-processing 
Once the constituent phases were quantified from the pre-edge peak fitting, these 
parameters were used for the calculation of conversion (equation 5-5) of Fe3+ to Fe2+ and 







XFe3+= Conversion of Fe3+  
CFe3+,0= Amount of Fe3+ at time t=0 (mol)  
CFe3+,t= Amount of Fe3+ at time t=t (mol)  
This conversion (XFe3+) obtained from the pre-edge analysis was used to calculate the 
maximal amount of reducible Fe3+ (CFe3+
o ) which was used toward the implementation of 
a kinetic model. 
5.2.6  Kinetic modeling 
The performance of a chemical looping process is determined by the reaction kinetics of 
the oxygen carrier/gas combination. Investigation of the overall reaction kinetics is a first 
step towards a successful reactor design. At later stages in the development, detailed 
kinetic data are needed within any type of simulation for scale-up and refined design. 
Depending on the background of the investigation, different reaction models can be 
proposed and applied [35-39].  
When internal diffusion of gas and/or solid-solid diffusion are predominant, often a 
shrinking core approach is applied [39-42]. According to this approach, initially, the 
external surface of the solid becomes involved in the reaction. The thickness of this 
reduced layer increases with time, enclosing a shrinking core of unreacted solid.  




Figure 5- 2: graphical representation of the shrinking core model in a MgFeAlOx crystallite.  
 
Therefore, the reaction can be visualized as proceeding through three steps: external 
mass transfer (diffusion through the gas film surrounding the particles), internal mass 
transfer (diffusion through the reduced layer and crystalline pores) and chemical reaction 
at the outer surface. In chemical looping, where the bulk of the solid takes part in the 
reaction, mass transfer limitations in the gas phase are typically negligible compared with 
the solid state transformations that take place. Following the shrinking core approach as 
discussed above, these solid state transformations can be governed by three phenomena 
on the crystallite scale: (i) reaction of surface oxygen with gas phase H2 to form H2O (ii) 
transition of the solid, in this case from MgFe3+AlOx to MgFe2+AlOx at the interface 
between the reduced material and unreacted core and (iii) diffusion of lattice oxygen from 
the unreacted core, through the reduced MgFe2+AlOx layer, to the surface, where it can 
react with gas phase H2 to form H2O (see (i)). A graphical representation of this model is 
drawn in Figure 5- 2. When neglecting mass transfer limitations in the gas phase, the 
implementation of these phenomena results in a shrinking core model (equation 5-6) of 
the form:  


































= ramp rate (°C min-1) 
X̂Fe3+= Conversion of Fe3+ predicted from the model (-) 
k= Reaction rate coefficient (m s-1) 
D= Diffusivity (m-2 s-1) 
ro= Crystallite radius (m) 
a= Stoichiometric coefficient of solid reactant (-) 
b= Stoichiometric coefficient of gas reactant (-) 
CH2= Initial concentration of H2 in the feed (mol m
-3) 
CFe3+
o = Concentration of Fe3+ participating in the reaction calculated from pre-edge 
analysis (mol m-3) 
Here, k is described by an Arrhenius type pre-exponential factor A and activation energy 
Ea (equation 5-7), this represents the transformation of MgFe3+AlOx to MgFe2+AlOx at the 
interface. Just like for some previously reported reaction steps [43-45], the rate 
coefficients are assumed to be dependent on the conversion of the oxygen storage 
material. Activation energies are then considered to be linearly dependent on 
the conversion. Two new parameters, β1 and β2, are introduced to account for such a 
dependence for reduction and diffusion, respectively [43-45].  





Ea = Eo + β1X̂Fe3+  (5-8) 





Ea,diff = Eo,diff + β2X̂Fe3+  (5-10) 
A= Pre exponential factor for reaction rate coefficient (m s-1) 
Ea= Activation energy for reaction rate (kJ mol-1) 
Eo= Activation energy for reaction rate (kJ mol-1) 
Do= Pre exponential factor for diffusion (m2 s-1) 
Ea,diff= Activation energy for diffusion (kJ mol-1) 
Eo,diff= Activation energy for diffusion (kJ mol-1) 
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β1= Linear offset parameter for activation energy for reaction rate (kJ mol-1) 
β2= Linear offset parameter for of activation energy for diffusion (kJ mol-1) 
R= Universal gas constant (kJ mol-1 K-1) 
T= Temperature (K) 
In equation 5-6 [39, 46], D represents a diffusion coefficient. This diffusion coefficient can 
be described in various ways depending on the nature of the dominant diffusion 
phenomenon, such as Knudsen diffusion, effective diffusion or solid state diffusion. In this 
case, D accounts for solid state diffusion of lattice oxygen from the unreacted core through 
the reduced layer to the crystallite surface. Hence, an Arrhenius type of diffusion equation 
is chosen (equation 5-9). 
The analytical solution of equation 5-6 for a constant gas concentration ( CH2)  and 
temperature leads to  
t(X̂Fe3+) =  τk [1 − (1 − X̂Fe3+)
1





























Here 𝜏𝑘  and 𝜏𝐷  signify the characteristic times for the reaction rate coefficient and 
diffusion coefficient. Equation 5-11 is used for the calculation of conversion at constant 
temperature. 
Estimation of model parameters proceeds by single response, single-objective 
optimization towards fitting the shrinking core model (equation 5-6) to the experimental 
conversion. The model equation is integrated using a forward differences scheme by 
means of Athena Visual Studio (AVS)®, a Fortran-based software package. Parameter 
estimation is performed by non-linear least squares regression by minimizing the 
objective function S(bj) (equation 5-14).  







S(bj)= Objective function 
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Where XFe3+,j and X̂Fe3+,j denote the observed and calculated conversion of Fe
3+ All the 
values are calculated for an experimental data point j, while b represents the parameter 
vector for Fe3+. Parameter estimation is performed at given experimental conditions. The 
step size in parameter space is automatically shortened when necessary. An algorithm 
based on local quadratic expansion of the parameter vector towards approaching an 
optimum is used [47].  
The following reaction was considered  
MgFe3+AlOx +  H2 → MgFe
2+AlOx−1 + H2O (5-15) 
According to this balance, the constants a and b, to be applied in the shrinking core model 
(equation 5-6), take up the value of 1. In addition, ro = 3 nm, i.e. half the value of the 
crystallite diameter as calculated from XRD using the Scherrer equation. Further, a bulk 
gas  concentration of CH2= 2.15 mol m
-3 was used.  
5.3 RESULTS 
5.3.1 X-ray Diffraction (XRD) 
A Rietveld refinement was performed on the XRD pattern of 10wt%Fe2O3-MgAl2O4 to 
verify the formation of MgFeAlOx spinel. The spinel MgAl2O4 shows a AB2O4 structure with 
the A-site (tetrahedral site) being occupied by Mg2+ (0.086 nm) and the B-site (octahedral 
site) containing Al3+ (0.053 nm).  
 
Figure 5- 3: The Rietveld refined and experimental XRD pattern of as prepared 10wt%Fe2O3-
MgAl2O4. 
( ) 10wt%Fe2O3-MgAl2O4, ( ) fit and ( ) residual. 
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The Rietveld refinement shows a good agreement when Fe replaces part of Al in 
octahedral sites. The replacement of a smaller cation with a larger one usually results in 
lattice expansion. This phenomenon can be verified through Rietveld refinement. The 
results from the fitting (Table 5-1) of the XRD pattern (Figure 5- 3) showed a lattice 
parameter of 8.10 Ȧ for the MgFeAlOx spinel. This calculated value was slightly higher 
than 8.03 Ȧ for that of pure MgAl2O4. Thus, this increase in lattice parameter is attributed 
to the incorporation of the larger cation Fe3+ (0.060 nm) replacing some of the smaller 
cations Al3+ at the octahedral position to form the spinel MgFeAlOx. A similar Rietveld 
analysis was performed on a sample after two cycles of H2-TPR and CO2-TPO. The material 
showed a similar lattice parameter (~8.10 Ȧ), and a slight increase in the crystallite size 
due to sintering. The similar lattice parameters indicate that the material could retain its 
structure after two consecutive redox treatments. To follow the redox behavior of Fe in 
the spinel during reaction, a more sensitive characterization tool such as XANES is needed.  
 
Table 5-1: Fit parameters of 10wt%Fe2O3-MgAl2O4 obtained from Rietveld refinement 
Sample treatment Crystallite size (nm) Lattice parameter (Ȧ) 
As prepared 6 ± 2 8.10 ± 0.01 
After two redox cycles 9 ± 3 8.10 ± 0.01 
5.3.2 Pre-edge peak analysis 
After a proper normalization and background removal as described in 5.2.3.1 and 5.2.3.2, 
a pre-edge peak fitting analysis was carried out. The Rietveld analysis showed that Fe 
replaces Al in the octahedral site. Hence, reference materials of Fe3+ and Fe2+ in 
octahedral configuration, Fe2O3 and FeO respectively, along with as prepared, 25 and 60 
times redox cycled 10wt%Fe2O3-MgAl2O4 were measured in a He-cryostat. 
5.3.2.1 Fe2O3 and FeO 
The pre-edge feature of Fe2O3 was deconvoluted using 2 pseudo-Voigt peaks (Figure 5- 
4a). Using more than two components did not improve the quality of the fit. The two 
components assumed a predominant Gaussian character (97%), with centroid positions 
at ~7113.5 eV (brown dashed lines) and ~7116.9 eV (red dotted lines). The peak with 
highest energy was assigned to non-local transitions involving 3d orbitals of distant iron 
neighbors [48]. Therefore, the contribution of this peak centered around ~7116.9 eV was 
not considered for determining the centroid representing the Fe3+ oxidation state. These 
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results are in agreement with the trends obtained in the literature [15, 16, 31]. The pre-
edge peak of FeO was deconvoluted using two components with an average centroid 
position of ~7112.2 eV. This value is slightly higher than the centroid position of reported 
for Fe2+ (7112 eV) [16], as FeO also contains Fe3+ cations randomly distributed in the 
lattice. When the octahedron of O atoms around Fe2+ is regular, three components have 
been employed to deconvolute the pre-edge feature, but in case of high distortion only 
two maxima are distinguishable as in case of FeO [15]. Further, a statistical comparison 
between using a single or two components was performed.  
 
Figure 5- 4: The deconvoluted pre-edge spectra measured in a cryostat at 80 K. Reference (a) 
Fe2O3 and (b) FeO.  
( ) fit, ( ) component 1 in Fe3+, ( ) component 2 in Fe3+, ( ) component 
1 in Fe2+, ( ) component 2 in Fe2+. 
 
The fit using two components yielded an R-value of 0.0024, whereas for the fit using a 
single component an R-value of 0.0064 was obtained. The F test was performed, 
generating a probability level of 95% for the hypothesis that two component model 
resulted in a significantly better fit. Consequently, the single component fit was rejected, 
and the model with two components was chosen as best representing the pre-edge 
feature of FeO. The fit could not be statistically improved further by adding more peak 
components.  
From the reference analysis, the average separation between the Fe3+ and Fe2+ centroids 
was around ~1.3 eV, with Fe2+ having the lower value. The pre-edge intensity also showed 
a decline when transforming from Fe3+ to Fe2+. Thus, transformation of Fe from Fe3+ to 
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Fe2+ is characterized by a decrease in pre-edge intensity and a shift of pre-edge centroid 
position to lower values. The average centroid position and pre-edge intensity will be 
used to identify the Fe3+ and Fe2+ components and their contribution in the redox treated 
samples and during reaction. 
5.3.2.2 10wt%Fe2O3-MgAl2O4 
Based on the results obtained from the analysis of the reference spectra, the pre-edge 
spectra of as prepared, 25 and 60 times redox cycled sample were analyzed. The overlay 
of the pre-edge peaks of the three materials (Figure 5- 5a) shows that the redox cycled 
materials show a slight shift in both pre-edge peak intensity and centroid position. This 
could be due to the presence of Fe2+ in the redox cycled samples, suggesting that not all 
Fe could be oxidized back to fully oxidized state during the redox treatments. A detailed 
pre-edge fitting analysis was performed on these samples to provide further insights. 
 
Figure 5- 5: The pre-edge spectra of as prepared and pre-treated samples. (a) The overlay 
of as prepared, 25 and 60 times cycled sample along with deconvoluted spectra of (b) as 
prepared, (c) 25 and (d) 60 times cycled samples. 
( )10wt%Fe2O3-MgAl2O4, ( ) 25 times cycled, ( ) 60 times cycled, ( ) fit,           
( ) component 1 ( ) component 2. 
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The as prepared material was deconvoluted using two components (Figure 5- 5b), the 
first with a centroid position of ~7113.5 eV consistent with the reference of Fe2O3. A 
second weak component centered at ~7116.5 eV can be attributed to non-local 
transitions as in the case of Fe2O3. The centroid position and pre-edge intensity indicate 
that all the Fe in MgFeAlOx resides in an oxidation sate of Fe3+. 
In the 25 times cycled sample (Figure 5- 5c), the material showed a shift in pre-edge peak 
position to a lower value and a decline in pre-edge intensity, indicating the presence of 
Fe2+. Two components were used for deconvolution of this spectrum, one with centroid 
at ~7112.3 eV attributed to Fe2+ and another at ~7113.5 eV corresponding to Fe3+. The 
ratio of the areas revealed that about 53% of Fe3+ is in Fe2+ and rest in Fe3+ state. 
Similarly, in the 60 times cycled (Figure 5- 5d) sample about 68% of the Fe3+  is reduced 
to Fe2+ while the rest is Fe3+. Thus, not all the Fe is cycled back to Fe3+ state, which could 
be due to a too short exposure time to the reacting gases.  
5.3.2.3 In situ H2-TPR QXANES 
To investigate in detail the reduction mechanism of Fe, in situ QXANES is performed on 
this material during H2-TPR. The spectra (Figure 5- 6a) show a gradual shift of the edge 
energy and decline of the white line intensity to a lower value (trend shown by arrows) 
indicating reduction.  
 
Figure 5- 6: (a) QXANES spectra during in situ H2-TPR of 10wt%Fe2O3-MgAl2O4. (b) The pre-edge 
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However, the XANES features during the H2-TPR suggest that not all the Fe is completely 
reduced to metallic Fe, a partial reduction to Fe2+ is more probable. The evolution of the 
extracted pre-edge features (Figure 5- 6a) shows a gradual shift of pre-edge energy 
towards lower values with a changing peak shape and intensity, indicating reduction.  
The pre-edge centroid (Figure 5- 7a) shifts from ~7113.5 eV to ~7112.4 eV, i.e. over ~0.9 
eV, suggesting reduction towards Fe2+. The onset of reduction is characterized by a 
change in slope at ~200°C and its completion is suggested by a plateau at ~350°C. This 
analysis is in line with Wilke et al. [16], where a pre-edge based variogram analysis has 
been used to investigate the contribution of Fe2+ and Fe3+ in a material. Then, a detailed 
pre-edge peak analysis using two components, one for Fe3+ and Fe2+ each, was performed 
as was done for the 25 and 60 times cycled samples. The evolution of the contributions of 
Fe3+ and Fe2+ with temperature suggests that towards the end of H2-TPR Fe3+ can’t be 
reduced much deeper (Figure 5- 7b) as indicated by the plateau between 650-730°C. 
Close to 55% of the Fe3+ could be reduced to Fe2+. The latter value then defines the total 
amount of exchangeable oxygen in 10wt%Fe2O3-MgAl2O4, i.e. CFe3+
o , or the maximal 
conversion under the present reaction conditions.  
The initial concentration of reducible Fe3+ in 10wt%Fe2O3-MgAl2O4 was determined from 
the pre-edge analysis to be CFe3+
o  = 1.2.103 mol m-3. This information from spectroscopic 
data can now be used to extract information on the kinetics of reduction. For the further 
extraction of kinetic data, the conversion values were normalized between 0-1 based on 
this maximal conversion.  
 
Figure 5- 7: (a) The centroid position of the pre-edge feature during H2-TPR. (b) The conversion 
of Fe3+ and Fe2+ components during the reduction. Here yf represents the fraction of Fe3+ and Fe2+ 
determined from the pre-edge analysis. 
The error bars show the 68% confidence interval based on the average of three experimental 
points in an experiment. ( ) centroid position, ( ) Fe3+, ( ) Fe2+ 
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5.3.3 Kinetic Modeling 
The pre-edge experimental data and model calculated values for the transition from Fe3+ 
to Fe2+ in 10wt%Fe2O3-MgAl2O4 show a good agreement (Figure 5- 8a). Residual and 
parity plots are provided in Figure 5- 8b&c. Hence, for the conversion of Fe3+ in 
10wt%Fe2O3-MgAl2O4, the shrinking core model provides an adequate description. These 
results clearly show the advantage of extracting experimental data from a powerful 
characterization technique in view of a quantitative study. Other techniques, such as in 
situ XRD, have been used to probe the multi-step reduction process of iron oxides, 
however the use of XRD is limited by the detection resolution to crystallite sizes larger 
than ~3nm. Moreover, it does not always allow unambiguous distinction between 
different spinel structures. 
The kinetic parameters, obtained by regression of the shrinking core model (equation 5-
6) for fitting the experimental data, are listed in Table 5-2. The estimated activation 
energy for reaction and diffusion are 104±2.3 kJ mol–1 and 38±5 kJ mol–1, respectively. As 
described in §5.2.4.4, the activation energy of the reaction rate coefficient k was 
considered linearly dependent on the conversion of the material. An estimate of 22±1.3 kJ 
mol–1 was found for this β1 parameter. For the solid state diffusion, however, no such 
dependence was found as the β2 parameter was not significantly different to zero. In a 
recent study, it was shown that the kinetic parameters of the optimized shrinking core 
model, in particular the estimated activation energy for solid state diffusion in iron oxides, 
increases in the following order [39]: 
Fe2O3 (37.5 kJ mol–1) < Fe3O4 (87 kJ mol–1) < FeO (99 kJ mol–1) 
As can be seen, the activation energy for solid state diffusion in MgFeAlOx is similar to the 
one for Fe2O3. The influence of reaction and diffusion terms at the temperature of 
maximum conversion (730°C) were analyzed using equation 5-11. Initially and for a 
theoretical conversion up to ~60%, the reaction is kinetically controlled by the reaction 
rate coefficient, while for higher values diffusion is predominant. Thus, under the present 
conditions with the maximal conversion of reducible Fe3+ being ~55%, a kinetically 
controlled regime can be expected.  
 




Figure 5- 8: Observed and calculated conversion profile of Fe3+ based on pre-edge fitting of 
QXANES spectra from 10wt%Fe2O3-MgAl2O4 during H2-TPR. The error bars represent 68% 
confidence interval and are calculated from three averaged experimental points. ( ) experimental 
value and thick orange line ( ) calculated by minimizing equation 5-6 using equation 5-14. The 
reaction rate and diffusion coefficients were calculated by equations 5-7 & 5-9 and the parameters 
for calculation of activation energies for both these terms are described in equations 5-8 & 5-10 
respectively. The results have been represented in Table 5-2. The (b) residual and (c) parity plot 
for the conversion profile of Fe3+ in 10wt%Fe2O3-MgAl2O4. ( ) residuals, ( ) calculated conversion 
values. 
 
This is also shown by the value of the linear offset parameter β1 which is significantly 
higher than β2 indicating that the reaction rate is controlling. These findings are in 
agreement with the current proposed shrinking core model with kinetically controlled 
reaction rate and adequately describes reduction of Fe3+ in 10wt%Fe2O3-MgAl2O4.  
 
Table 5-2: Kinetic parameters for reduction of Fe3+ to Fe2+ in 10wt%Fe2O3-MgAl2O4 using 
a shrinking core model. Error corresponds to 95% individual confidence interval limits. 
The binary correlation coefficients varied between 0.18 and 0.49. 



























The Rietveld analysis of the 10wt%Fe2O3-MgAl2O4 XRD pattern showed that Fe was 
incorporated in the octahedral position, replacing Al. The spinel MgFeAlOx retained its 
structure during two consecutive redox cycles. However, a XANES pre-edge feature 
analysis of the cycled materials showed that not all the Fe could be restored back to Fe3+ 
Insight in kinetics from pre-edge features using time resolved in situ XAS  
155 
 
state, some remained in Fe2+state. A detailed pre-edge analysis of QXANES spectra 
recorded during H2-TPR showed that around ~55% of the material could be reduced to 
Fe2+. The data obtained from this treatment were used for kinetic analysis based on a 
shrinking core model. The present study shows the applicability of the pre-edge feature 
to elucidate reaction kinetics, to validate a kinetic model. The main advantage of the 
present methodology is to visually distinguish or detect the change in oxidation state of 
an element, and hence the occurring transition in a material.  
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Bifunctional Co - and Ni- ferrites for        
catalyst-assisted chemical looping with alcohols 
Ferrite materials were applied for catalyst-assisted chemical looping with two different 
alcohol fuels, methanol and an ethanol-water mixture (1:1 mole ratio), at 550°C and 
750°C respectively. CO2 was used for reoxidation, resulting in the production of CO. The 
structural characteristics, CO formation and stability of a range of XCeZrO2 modified 
CoFe2O4/NiFe2O4 ferrite materials (X = 0, 20, 50 and 80wt%) were investigated through 
STEM and in situ XRD. Crystallographic changes during two consecutive H2-TPR and CO2-
TPO cycles were followed using in situ XRD. Further, the long term stability was assessed 
during one hundred isothermal chemical looping redox cycles using H2 for reduction and 
CO2 for reoxidation. The 80wt%CeZrO2 - CoFe2O4 material could be reduced and 
reoxidized to the as prepared state without loss in oxygen storage capacity. In 
20wt%CeZrO2 - CoFe2O4 however, deactivation due to phase segregation into Co and 
Fe3O4 along with material sintering occurred. On the other hand, all CeZrO2 modified 
NiFe2O4 materials suffered from sintering as well as phase segregation into separate Ni 
and Fe3O4 phases, which could not be restored into the original spinel (NiFe2O4) phase. 
During chemical looping with methanol, carbon formation was observed on all CeZrO2 
modified CoFe2O4/NiFe2O4 ferrites. 80wt%CeZrO2-CoFe2O4 was the best performing 
material with a CO yield of ~40 mol CO kgCoFe2O4
−1 , i.e. almost twice the theoretical amount. 
This high CO yield was ascribed to the oxidation of carbon formed upon material 
reduction. During chemical looping with the ethanol-water mixture however, the CO yield 
remained low (~13 mol CO kgCoFe2O4
−1 )  because of incomplete conversion of CH4 and 
water. A pre-catalyst bed configuration for complete conversion of CH4 and water is 
proposed. 





Since the industrial revolution, human dependence on fossil fuels has increased 
exponentially. This has resulted in increased emission of greenhouse gases like CO2 and 
CH4, which contribute to global warming [1, 2]. Hence, there is a need to minimize the 
human dependence on fossil fuels and to shift towards more clean energy sources [3, 4]. 
The potential technologies which can achieve this reduction in greenhouse gas emission 
by minimizing the consumption of fossil fuels are fuel cell driven processes. Fuel cells are 
the most efficient way of directly converting chemical energy to electrical energy. The 
most common fuel cells are based on proton conducting electrolytes (PEMFC: proton-
exchange membrane fuel cell), which require high purity hydrogen as fuel. 
Solid oxide fuel cells (SOFCs) on the other hand are fuel flexible and can oxidize essentially 
any fuel containing a mixture of hydrocarbons and even carbon, because the electrolyte 
transports an oxygen ion. SOFCs capable of achieving high power densities are based on 
oxygen-ion conductors that operate at high temperature. Over the past decade, 
considerable progress has been achieved in bringing down the working temperature to 
an intermediate range between 350°C-700°C [5-7] and in reaching high stability of the 
anode under fuels other than hydrogen [8-10]. It has been established that even CO can 
be used as a fuel in SOFCs [8, 11-14].  
 
Figure 6- 1: Catalyst-assisted chemical looping using a bifunctional material. 
 
The latter can be generated from renewable fuels (biogas and bio-ethanol) and carbon 
dioxide through dry reforming. An attractive alternative process which can produce CO 
from CO2 for SOFC technologies is chemical looping [15-17]. This is a two-step cyclic 
process where in the first step, an oxygen storage material is reduced by fuel (Figure 6- 
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1). In the second step, CO2 is used for reoxidation to regenerate the material resulting in 
production of CO, which can serve as fuel for the SOFC. Iron oxides are the most widely 
preferred oxygen carriers in chemical looping CO2 utilization, due to their redox activity 
with CO2, high oxygen storage capacity, abundant availability and environmentally 
friendly nature [18-22]. When natural hydrocarbon containing feeds (e.g. biogas, 
CH4+CO2) are employed for reduction, the overall production of CO is determined by the 
kinetics of the slower step, i.e. the reduction of iron oxide with CH4 [23-25]. The presence 
of CO2 in the feed and product stream slows down the reduction rate. In order to improve 
the kinetics of this step, an extra catalyst component (e.g. Ni, Co) can be added to the 
oxygen storage material to first convert CH4 [24, 26]. 
Addition of such a catalyst component to the iron oxide assists in CH4 conversion to CO 
and H2 through catalytic dry reforming. Subsequently, this mixture of CO + H2 reduces the 
iron oxide oxygen storage material, producing CO2 and H2O (Figure 6- 1). The material 
thus acts both as an oxygen carrier and as a catalyst, hence it is termed bifunctional 
material and the process is called catalyst-assisted chemical looping [24, 27]. 
In view of designing materials with both catalytic and oxygen storage properties, ferrites 
can be of interest as they offer both these properties. They have Co or Ni as a catalyst 
component and an oxygen storage component in the form of Fe. Moreover, ferrites are 
widely used as bifunctional materials due to their high oxygen storage capacity, easy 
reducibility and their ability to decompose alcohol feeds (e.g. methanol and ethanol) at 
relatively low temperature (350°C-550°C) [28, 29]. To improve the stability of the Co- and 
Ni - ferrites, which tend to deactivate rapidly, promoter elements can be added. Among 
the promoter candidates, CeZrO2 stands out as it shows high stability along with redox 
activity in a CO2 environment and also possesses desired mechanical properties [30]. 
As for chemical looping fuel, feedstocks containing alcohols, especially methanol and 
ethanol, are promising towards clean energy production due to their high hydrogen to 
carbon ratio, easy biomass derivability, high energy density as liquid fuel and easy storage 
[31-33]. Both methanol and ethanol have been applied as fuel in chemical looping over 
ferrite materials towards high purity hydrogen production [28, 29, 34-36].  
In the present study, the applicability of CeZrO2 modified Ni- and Co-ferrites in catalyst 
assisted chemical looping with ethanol, ethanol-water and methanol for CO2 conversion 
to CO has been investigated. In the first step, methanol or ethanol are used as reducing 




agents. Methanol decomposes to CO and H2, whereas ethanol decomposes to CH4 in 
addition to CO and H2. The decomposition reactions are enabled by the catalyst 
component. The mixtures of CO + H2 or CH4 + CO + H2 reduce the oxygen storage 
component, thereby being converted to CO2 and H2O. The amount of CO that is produced 
in the second step of chemical looping, depends on the oxygen storage capacity and the 
degree of reduction that can be achieved in the first step. Therefore, this investigation is 
focused on the assessment of material stability and activity of CeZrO2 promoted ferrite 
materials towards catalyst assisted chemical looping processes.  
6.2 PROCEDURES 
6.2.1 Material preparation  
Ferrite materials with varying promoter loadings (XCeZrO2-CoFe2O4/NiFe2O4, X = 0, 20, 
50, 80wt%) were synthesized by means of co-precipitation. The following precursors 
were used: Fe(NO3)3.9H2O (99.99+%, Sigma-Aldrich®), Co(NO3)2.6H2O (99.99%, Sigma-
Aldrich®), Ni(NO3)2.6H2O (99.99%, Sigma-Aldrich®), Ce(NO3)3.6H2O (99.99%, Sigma-
Aldrich®) and ZrO(NO3)2.xH2O (99.99%, Sigma-Aldrich®). The pH was controlled by 
dropwise addition of NH4OH under stirring. The precipitate obtained was recovered and 
dried in an oven at 120°C for 12h. All materials were then calcined at 650°C for 6 hours 
and at 750°C for the chemical looping process with ethanol. 
6.2.2 Characterization : X-Ray Diffraction (XRD), Scanning Transmission 
Electron Microscopy (STEM) and Brunauer–Emmett–Teller (BET)  
The crystalline phases were determined using a Siemens Diffractometer Kristalloflex 
D5000, with Cu Kα (λ = 0.154nm) radiation. The XRD patterns were collected in a 2θ range 
from 10° to 80° with a step of 0.04°. The crystallite size was calculated using the Scherrer 
equation by fitting a Gaussian function to the four most intense characteristic peaks to 
obtain the peak width at half maximum. 
Morphological and local elemental analysis were performed using a JEOL JEM-2200FS: 
Cs-corrected, operated at 200 kV, equipped with a Schottky-type field-emission gun 
(FEG), EDX JEOL JED-2300D and JEOL in-column omega filter (EELS). Specimens were 
prepared by immersion of a lacey carbon film on copper support grid and particles 
sticking to the grid were investigated. Elemental mapping was performed by EDX. A 
beryllium specimen retainer was used to remove secondary X-ray fluorescence. 
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The Brunauer-Emmet-Teller (BET) surface area was determined by N2 adsorption (five 
point BET method) using a Micromeritics Gemini 2360. Before carrying out the 
experiment, samples were outgassed for 3h at 200°C in order to remove the adsorbates.  
6.2.3 Redox properties 
The redox properties of the ferrite materials were investigated using in situ XRD and 
conventional TPR-TPO techniques. The phase changes during the redox processes were 
identified using in situ XRD and the bulk consumption was monitored using conventional 
TPR-TPO. Finally, the phase transformations were correlated to bulk consumption. 
6.2.3.1 In situ X-ray Diffraction (XRD) analysis 
The crystallographic transformations during H2-TPR and CO2-TPO were followed by in 
situ XRD (Bruker-AXS D8 Discover) with Cu Kα radiation source (λ = 0.154nm). The set 
up consisted of a homebuilt reaction chamber with a Kapton foil window for X-ray 
transmission and a linear Vantec detector covering 20° with an angular resolution of 0.1° 
in 2θ. Approximately 10 mg of powder was spread on a single crystal Si wafer. No 
interaction between the Si wafer and sample was observed. Prior to the start of 
experiment, the chamber was pumped down to a base pressure of 5 Pa and purged with 
helium. 10mol%H2/He and pure CO2 were employed for reduction and oxidation 
treatment. All gas flows were maintained at 30Nml/s. 
A uniform ramp rate of 20ᵒC/min up to a temperature of 700°C was used during H2-TPR 
and CO2-TPO. Full XRD scans (10° to 65° with a step of 0.1°) were performed after each 
H2-TPR and CO2-TPO at room temperature under He flow. The materials were subjected 
to repeated redox treatments, with two cycles of H2-TPR and CO2-TPO to study the phase 
transformations during these treatments. 
6.2.3.2 Conventional TPR-TPO analysis 
The redox properties were investigated during two consecutive cycles of H2-TPR and CO2-
TPO in a U shape quartz reactor containing a K-type thermocouple to measure 
temperature (Micromeritics Autochem II 2920). Approximately 30 mg of material was 
loaded in the reactor and ramped from room temperature up to 700ᵒC at a constant rate 
of 20ᵒC/min. The outlet gas compositions were monitored using a TCD detector and all 
the gas flows were maintained at 1.2Nml/s. 




6.2.4 Stability (H2/CO2 and alcohol/CO2) 
The isothermal redox stability (H2/CO2) and catalyst-assisted chemical looping 
experiments (methanol/CO2, ethanol/CO2 and ethanol-water mixture/CO2) were carried 
out at atmospheric pressure in a quartz tube reactor (i.d. 10 mm). Approximately 100 mg 
of material was packed between quartz wool plugs. The temperature of the sample bed 
was monitored using K-type thermocouples and experiments were carried out at two 
different temperatures, depending on the reducing agent. Redox stability experiments 
were performed at 550°C for hundred chemical looping cycles using H2 (10mol%H2/He) 
as reducer and CO2 as oxidizer. The chemical looping experiments with methanol were 
also performed at the same temperature (550°C) using methanol as reducing gas 
(10mol%CH3OH/He) and CO2 for reoxidation. The chemical looping experiments with 
ethanol were carried out at 750°C with pure ethanol, as well as using a mixture of ethanol 
and water (1:1 mole ratio). A 10mol% of this mixture in He was introduced during the 
reduction step and CO2 was used for reoxidation. The total flow rate of gases into the 
reactor was kept constant at 5Nml/s for reducing, oxidizing and purge gases by means of 
Brooks mass flow controllers. The as prepared bifunctional materials were subjected to 
fifteen chemical looping cycles using ethanol and methanol. Each chemical looping 
experiment cycle consisted of a pulse with reducing gas followed by an oxidizing gas (CO2) 
with He purge in between. The gases were pulsed for a time period of 180 seconds in each 
of these experiments. 
In addition to the stability experiments, a study on CO yield was performed by varying the 
reduction times using methanol and ethanol from 60 to 180, 300 and 480 seconds. In the 
oxidation half cycle CO2 was used for material reoxidation. All the gas flow rates were 
5Nml/s.  
The consumption of reducing and oxidizing gases during the process was monitored 
online using a OmniStar Pfeiﬀer mass spectrometer (MS), whose response was 
systematically calibrated with reference gases. A carbon balance with a maximum 
deviation of 8% was obtained and He was used as an internal standard.  




 (6-1)  
YCO =  Yield of CO produced (mol kgferrite
−1 );  
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nCO =  Mole of CO produced (mol); 
Ws = Mass of ferrite in the reactor (kg); 
The theoretical CO yield from the Co- and Ni- ferrites were calculated according to the 
following equations: 
Co +  2Fe +  4CO2 → CoFe2O4  +  4CO (6-2) 
Ni +  2Fe +  4CO2 → NiFe2O4  +  4CO (6-3) 
Under the assumption that the ferrite phase is restored in both the materials during CO2 
reoxidation the theoretical CO yield was calculated (equation 6-2 & 6-3) to be                
~17.09 mol CO  kgferrite
−1 .   
In order to compare the results with steady-state processes, multiple reactor operation in 
parallel was examined for a continuous production of CO. The CO space time yield for a 
multi-tubular reactor concept was calculated by a dynamic simulation during redox cycles 
based on steady-state chemical looping operation on a single reactor. Such a multi-tubular 
reactor configuration is similar to a multi-column configuration in a pressure-swing 
adsorption process, where each column is cycled between adsorption and regeneration, 
allowing continuous processing of a given feed stream. The space time yield was 
determined based on the concept that all single reactors are operated in chemical looping 
regime, but one after the other, i.e. with a delay relative to the previous one [22, 37]. Thus, 
by switching the feed flows of reducing and reoxidizing gases at discrete time intervals, 
there is continuous operation of each reactor, eventually generating a permanent periodic 
regime. The time delay and the number of reactors in operation are based on the 
experimental results obtained for a single reactor. The space time yield for such a multi-
tubular reactor configuration (STYM) is then simulated by summing the contributions of 
all single reactors and subsequent division by the number of operating reactors in 
oxidation mode (equation 6-4). A time delay of 45 seconds with 4 reactors (Nox) operating 











STYM = Space time yield from the multi − tubular reactor configuration (mol kgferrite
−1  s−1 ); 
  




STY = Space time yield of CO (mol kgferrite 
−1 s−1); 
FCO =  Outlet molar flow rate of CO (mol CO s
−1); 
Ws = Mass of ferrite in a single reactor (kg); 
Nox = Number of reactors in oxidation mode (−). 
6.2.5 Phase diagram 
The EkviCalc software package [38] was used for thermodynamic property calculations 
for solid and gas phase species. The thermochemical calculations are carried out at 
specific temperature and pressure by assuming a closed system with an initial amount of 
selected reactant species. The equilibrium criterion is the minimization of the Gibbs free 
energy Gp,T (equation 6-5) of the system at these specified conditions: 




In equation 6- 5, m (-) is the number of reactant and product species, μi (J/mol) is the 
chemical potential of species i at pressure p (bar) and temperature T (K), ni (mol) is the 
amount of species i and Gp,T (J) is the Gibbs free energy of the system at pressure p and 
temperature T. 
In the present investigation, thermodynamic calculations were performed concerning 
pure ferrites (NiFe2O4/CoFe2O4) in a gas mixture of CO + CO2. The mole fraction of CO in 
the mixture was varied between 0 and 1. The most stable metal oxide phase was then 
determined as a function of the gas phase composition and temperature, resulting in a 
phase diagram for the ferrite materials. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Material characterization 
6.3.1.1 XRD and BET 
The as prepared materials were characterized using powder XRD to determine their 
crystalline phases. The diffraction patterns of pure CoFe2O4 and CeZrO2 modified Co - 
ferrites are shown in Figure 6- 2a. Bulk CoFe2O4 (Figure 6- 2a(i)) shows diffraction peaks 
characteristic only to CoFe2O4 (2θ = 30.1°, 35.4°, 37.1°, 43.1°, 53.4°, 56.9° and 62.6°; 
Powder Diffraction File (PDF): 00-022-1086). However, the mixed materials, 
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20wt%CeZrO2 - CoFe2O4 (Figure 6- 2a(ii)) and 50wt%CeZrO2 - CoFe2O4 (Figure 6- 2a(iii)) 
show patterns of both CoFe2O4 and CeZrO2 (2θ = 29.1°, 33.7°, 48.4° and 57.5°; PDF: 00-
038-1439). For higher loading of CeZrO2, i.e. in 80wt%CeZrO2 - CoFe2O4 (Figure 6- 2a(iv)), 
only diffraction peaks of CeZrO2 are present.  
Similarly, pure NiFe2O4 and CeZrO2 modified Ni - ferrites were characterized using XRD 
(Figure 6- 2b). In bulk NiFe2O4, only peaks corresponding to NiFe2O4 (30.3°, 35.7°, 37.3°, 
43.4°, 53.8°, 57.3° and 62.9°; PDF: 00-010-0325) are observed (Figure 6- 2b(i)). XRD 
peaks of both NiFe2O4 and CeZrO2 are identified in 20wt%CeZrO2 - NiFe2O4 (Figure 6- 
2b(ii)) and 50wt%CeZrO2 - NiFe2O4 (Figure 6- 2b(iii)). In 80wt%NiFe2O4 - CeZrO2, again 
only diffractions corresponding to CeZrO2 are found (Figure 6- 2b(iv)).  
 
Figure 6- 2: The XRD patterns of as prepared (a) CeZrO2 - CoFe2O4 and (b) CeZrO2 - NiFe2O4 
materials with varying loading: (i) 0wt%CeZrO2 - NiFe2O4/CoFe2O4, (ii) 20wt%CeZrO2 - 
CoFe2O4/NiFe2O4, (iii) 50wt%CeZrO2 - CoFe2O4/ NiFe2O4 and (iv) 80wt%CeZrO2 - 
CoFe2O4/NiFe2O4.  (●) CoFe2O4, ( ) NiFe2O4 , ( ) CeZrO2 
 
The crystallite sizes of the different phases in these materials were calculated from XRD 
using the Scherrer equation [39] and are represented in Figure 6- 3a. Among the CoFe2O4 
materials, the largest crystallite size is observed in bulk CoFe2O4 (~57nm). Upon addition 
of CeZrO2, a smaller crystallite size of CoFe2O4 is found in 20wt%CeZrO2 - CoFe2O4 
(~25nm) and 50wt%CeZrO2 - CoFe2O4 (~22nm). So, the crystallite size reduces to less 
than half upon addition of CeZrO2. The crystallite size of CoFe2O4 in 80wt%CeZrO2 - 
CoFe2O4 could not be determined by XRD as no characteristic peaks were noticed (Figure 
6- 2a(iv)). The crystallite size of CeZrO2 varies between ~7 and 9nm among these 




materials with a slight increase in crystallite size with progressive loading of CeZrO2 
(Figure 6- 3a).  
 
Figure 6- 3: The crystallite size determined from (a) XRD and STEM along with (b) BET surface 
area of as prepared materials as a function of CeZrO2 loading.  
Crystallite sizes calculated from XRD: (  ) CoFe2O4, (  ) NiFe2O4, (  ) CeZrO2 in Co - ferrites (  ) 
CeZrO2 in Ni - ferrites. Crystallite size determined from STEM: (  ) CoFe2O4, (  ) NiFe2O4.  
BET specific surface area: (  ) CoFe2O4 and (  ) NiFe2O4 
All error bars represent standard deviation with 68% confidence interval. The error bars in 
crystallite size calculation from XRD originate from averaging the crystallite size of the 4 most 
intense peaks and the error bars in BET surface area measurements were calculated from 4 
measurements.  
 
Among the Ni - ferrites, the highest crystallite size is obtained for bulk NiFe2O4 (~43nm), 
while smaller crystallite sizes appear in 20wt%CeZrO2-NiFe2O4 (~24nm) and 
50wt%CeZrO2-NiFe2O4 (~20nm). The addition of CeZrO2 leads to a decline of NiFe2O4 
crystallite size by close to half in comparison to bulk NiFe2O4. In 80wt%CeZrO2-NiFe2O4, 
no diffraction peaks of NiFe2O4 were observed due to fine dispersion of the spinel 
crystallites. Like in the CeZrO2 modified Co - ferrites, the CeZrO2 crystallite size in these 
materials slightly increases from ~7 to 9nm, with increasing loading of CeZrO2 (Figure 6- 
3a). The surface area measurements (Figure 6- 3b) show a larger surface area in CeZrO2 
modified ferrites in comparison to bulk ferrites. A progressive increase in surface area is 
seen with increasing loading of CeZrO2 in both the Co- and Ni-modified ferrites. The 
highest surface area is found for 80wt%CeZrO2 - CoFe2O4 and 80wt%CeZrO2 - NiFe2O4. 
Overall, the surface area and crystallite size calculations are in agreement with one 
another. 
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6.3.1.2 STEM-EDX analysis 
The particle size and morphology of CoFe2O4 and NiFe2O4 with the highest loading of 
CeZrO2 were examined using STEM-EDX analysis, as the information about these phases 
could not be obtained from XRD. The morphology of 80wt%CeZrO2 - CoFe2O4 (Figure 6- 
4a) shows finely dispersed particles with average crystallite size ~8nm. The elemental 
mapping (Figure 6- 4b) of this image shows that Co and Fe remain finely dispersed. The 
occurrence of Co and Fe together suggests the formation of a spinel phase CoFe2O4, 
however localized Co and Fe rich clusters are also observed. The EDX overlay of Ce and Zr 
(Figure 6- 4c) shows a uniform distribution throughout the sample with localized Ce rich 
clusters.  
 
Figure 6- 4: STEM images of as prepared (a) 80wt%CeZrO2 - CoFe2O4 showing the sample 
morphology and corresponding EDX elemental mapping of (b) Co and Fe along with (c) Ce and Zr. 
STEM micrographs of as prepared (d) 80wt%CeZrO2 - NiFe2O4 showing the sample morphology 
and elemental mapping of (e) Ni and Fe along with (f) Ce and Zr. 
 
A similar morphology with average crystallite size ~8nm was identified for as prepared 
80wt%CeZrO2 - NiFe2O4 (Figure 6- 4d). The EDX overlay image (Figure 6- 4e) presents Ni 
and Fe together indicating formation of NiFe2O4. A uniform elemental distribution of Ce 
and Zr is obtained throughout (Figure 6- 4f) with some Ce rich clusters. The various 













phases identified are in agreement with the results obtained in XRD, i.e. both spinel phases 
of CoFe2O4 and NiFe2O4 are finely dispersed in CeZrO2. 
6.3.1.3 Redox properties: H2/CO2 
The CeZrO2 modified ferrite materials were investigated for changes in redox properties 
during two consecutive cycles of H2-TPR and CO2-TPO. The phase changes were 
monitored during in situ XRD experiments, while the overall temperatures of reduction 
and reoxidation were followed in conventional TPR-TPO experiments. 
6.3.1.3.2 CeZrO2 - CoFe2O4 
The in situ XRD study of 20wt%CeZrO2 - CoFe2O4 during the first cycle (Figure 6- 5a) shows 
diffraction patterns characteristic of CoFe2O4 (2θ = 35.4°and 43.1°) and CeZrO2 (2θ = 
29.1° and 33.7°). The spinel (CoFe2O4) reduces to an alloy of CoFe (2θ = 45.3°) at ~480°C 
with a short transition to FeO (2θ = 41.9°) before. However, no diffraction peaks 
corresponding to metallic Co (2θ = 44.3°) or Fe (2θ = 44.7°) appear during the H2-TPR, 
indicating that these elements mainly reside in the CoFe alloy which remains stable up to 
~700°C.  
In the subsequent CO2-TPO (Figure 6- 5 b), the alloy CoFe diffractions remain stable up to 
a temperature of ~580°C and then reoxidize back to CoFe2O4. No separate diffraction 
peaks of CoO (2θ = 34.1°, 39.6°) are identified, indicating that no phase segregation 
occurred. Similar phase transformations were observed during the second cycle of H2-
TPR and CO2-TPO. 
In the CeZrO2 phase (2θ = 29.1°), no true transition due to phase transformation occurs 
as the in situ XRD intensity shows no visible variations during reduction (Figure 6- 5a) 
and reoxidation (Figure 6- 5b). However, Ce4+ is known to contribute towards a redox 
reaction by undergoing partial reduction to Ce3+ in these temperature ranges [40, 41]. On 
the other hand, ZrO2 does not undergo reduction in the investigated temperature range, 
but is known to exhibit polymorphism, i.e. a structural transformation between cubic, 
tetragonal and monoclinic phases without any reduction of ZrO2 at temperatures above 
1000°C [42-44]. The addition of ZrO2 to cubic structures such as CeO2 can however result 
in lower temperatures of reduction [30]. While bulk CeO2 reduces at temperatures 
beyond 800°C [40], a peak position analysis of the CeZrO2 diffraction at 2θ = 29.1°C 
(Figure 6- 5c) shows a shift towards a lower 2θ value during reduction around ~400°C. 
This indicates partial reduction of CeZrO2 occurs, owing to its redox couple (Ce4+/Ce3+), 
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and at a much lower temperature than for pure CeO2. During reduction, the replacement 
of Ce4+ with the larger cation Ce3+ induces a lattice parameter increase in its bulk fluorite 
lattice and, therefore, a lower 2θ position [24] (Figure 6- 5c). The reverse is observed 
during the reoxidation process at 500°C (Figure 6- 5d). Hence, the peak position analysis 
shows partial reduction as well as reoxidation of CeZrO2 at ~400oC and ~500°C, 
respectively. 
 
Figure 6- 5: H2-TPR and CO2-TPO of 20wt%CeZrO2 - CoFe2O4 studied by in situ XRD and 
conventional TPR-TPO. The in situ XRD profiles showing phase transformations during the first 
cycle of (a) H2-TPR and (b) CO2-TPO along with the peak positon changes in CeZrO2 (111) during 
the two cycles of (c) H2-TPR and (d) CO2-TPO. The consumption profiles in conventional TPR-TPO 
during the two cycles of (e) H2-TPR and (f) CO2-TPO.  
CeZrO2 (111) peak position during (  ) first cycle and ( ■ ) second cycle. 
(    ) First cycle and (  ………  ) second cycle. 




A redox study was also performed in a conventional TPR-TPO setup. The H2-TPR shows a 
reduction peak maximum at ~520°C along with a shoulder at ~620°C (Figure 6- 5e). A 
similar reduction profile is seen during the second cycle, with slightly higher 
temperatures of reduction with a peak maximum at ~550°C and a shoulder at ~640°C. 
The reduction temperature shifts to higher temperature in comparison to the first cycle 
due to material sintering.  
During CO2 reoxidation (Figure 6- 5f) the material shows two consumption peaks with a 
most intense peak at ~500°C and a shoulder at ~600°C. In the second cycle, the 
reoxidation shifts to a slightly higher temperature, with a maximum at ~550°C and a small 
shoulder at ~630°C. To provide a better understanding of these H2 and CO2 consumption 
peaks, the H2-TPR and CO2-TPO profiles from these experiments were correlated with the 
crystallographic changes observed during the time resolved in situ XRD measurements. 
 
Figure 6- 6: The normalized intensity plot of the (a) CoFe2O4 diffraction peak at 2θ = 35.4° in 
20wt%CeZrO2-CoFe2O4 during the reductions of two in situ redox cycles and (b) the derivative of 
the intensity curves showing the rate of consumption during the reduction. 
Intensity changes of CoFe2O4 during reduction of (  ) first cycle and ( □ ) second cycle. 
Derivative of the CoFe2O4 diffraction intensity during (    ) first cycle and (  -------  ) second 
cycle. 
 
During H2-TPR  the changes in the normalized intensity of the spinel CoFe2O4 diffraction 
(2θ = 35.4°) show that the reduction of CoFe2O4 started at ~400°C (Figure 6- 6a) in the 
first cycle and at slightly higher temperature, ~430°C in the second cycle. The derivative 
of these normalized intensities (Figure 6- 6b) shows consumption peaks with a maximum 
at ~500°C and ~550°C during the first and second cycle, respectively. This indicates that 
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the consumption peaks during the conventional H2-TPR at ~520°C and ~550°C can be 
attributed to the reduction of CoFe2O4. The contribution of CeZrO2 towards reduction 
cannot be neglected as the peak positon analysis shows an early partial reduction at 400°C 
(Figure 6- 5c). Thus, the onset of the reduction represents contributions from 
transformation of CoFe2O4 to FeO and CoFe alloy, along with the partial reduction of Ce4+ 
to Ce3+ in CeZrO2, as identified from in situ XRD. The peak maximum during the first and 
second cycle of H2-TPR mainly originates from the continued reduction of CoFe2O4 to CoFe 
alloy. The consumption shoulder at ~620°C and ~640°C during the first and second cycles 
of H2-TPR could represent the bulk reduction of the material. In the conventional CO2-
TPO, the most intense peak during the two reoxidation cycles represents contributions 
from the partial reoxidation of Ce3+ to Ce4+ (Figure 6- 5d) and reoxidation of the alloy 
CoFe to spinel CoFe2O4 as seen from the peak position changes from the in situ XRD 
(Figure 6- 7). 
 
Figure 6- 7: Fitted peak position of alloy CoFe from the in situ XRD redox study of 20wt%CeZrO2-
CoFe2O4 during the two CO2-TPO cycles after H2-TPR. 
(------) Trend line for thermal expansion in peak position during (  ) first cycle and (  ) second 
cycle 
 
The presence of a consumption peak as a shoulder at higher temperatures is suggested to 
represent the bulk reoxidation of the material. The H2-TPR and CO2-TPO study show that 
the bulk of modified spinel material can repeatedly reduce (Figure 6- 5e) and reoxidize 
(Figure 6- 5f) at similar temperature (~550°C) unlike the non-promoted CoFe2O4 (Figure 
6- 8), in which reduction remains incomplete and the temperature of reduction shifts to 
much higher values in the consecutive cycles during TPR due to material sintering. The 
non-promoted CoFe2O4 material shows reoxidation with CO2 at ~580°C during the two 




consecutive cycles, but during the second the amount of CO2 consumption decreases as 
the reduction remains incomplete during the second H2-TPR. Moreover, the material 
suffered from sintering and phase segregation as evidenced from XRD (not shown). This 
resulted in a loss of oxygen storage capacity. Thus, unlike bulk CoFe2O4 the oxygen storage 
capacity of the spinel (CoFe2O4) modified with CeZrO2 is preserved.  
 
Figure 6- 8: Conventional TPR-TPO consumption profiles during (a) H2-TPR and (b) CO2-TPO of 
bulk CoFe2O4 during repeated redox treatments. 
 (    ) First cycle and (  ………  ) second cycle. 
 
A similar redox analysis was performed on 50wt%CeZrO2 - CoFe2O4 (Figure 6- 9) and 
80wt%CeZrO2 - CoFe2O4 (Figure 6- 10). The redox transitions during the in situ study, 
show similar phase transitions during the two consecutive redox cycles hence only the 
first cycle of H2-TPR and CO2-TPO has been presented for both materials. In 50wt%CeZrO2 
- CoFe2O4 (Figure 6- 9), all the characteristic phases of CeZrO2 and CoFe2O4 show redox 
transitions similar to 20wt%CeZrO2 - CoFe2O4. Even during the conventional TPR-TPO 
analysis, temperatures of bulk reduction and reoxidation similar to 20wt%CeZrO2 - 
CoFe2O4 were obtained (Figure 6- 9c & d). 




Figure 6- 9: H2-TPR and CO2-TPO of 50wt%CeZrO2 - CoFe2O4 followed by in situ XRD and 
conventional TPR-TPO. The in situ XRD profiles showing phase transformations during the first 
cycle of (a) H2-TPR and (b) CO2-TPO. The consumption profiles in a conventional TPR-TPO set up 
during the two cycles of (c) H2-TPR and (d) CO2-TPO. 
(    ) First cycle and (  …….  ) second cycle. 
 
For the highest loading of CeZrO2 i.e. 80wt%CeZrO2 - CoFe2O4 (Figure 6- 10), no separate 
spinel diffraction peaks were identified, but the presence of CoFe alloy during reduction 
and reoxidation did prove that the finely dispersed spinel could repeatedly reduce to an 
alloy and reoxidize to the as prepared state, as in the case of 20wt%CeZrO2 - CoFe2O4, with 
similar redox transition temperatures of ~450°C (Figure 6- 10a) and ~550°C, (Figure 6- 
10b) respectively. During the conventional TPR-TPO analysis, this material also showed 
reduction due to surface and bulk contributions during the first cycle (Figure 6- 10c). The 
onset of surface reduction occurred at a slightly lower temperature ~430°C in comparison 
to other ferrites, the bulk reduction occurred at ~520°C. However, during the consecutive 
cycle of TPR, the surface reduction is indicated by a broad consumption shoulder 
(~450°C). This shift in temperature of reduction could be due to rapid sintering of the 
surface crystallites (Figure 6- 10c), however the bulk reduction occurs at ~550°C. During 
the CO2-TPO, the material also shows surface and bulk consumptions at ~500°C and 




~600°C respectively during both cycles (Figure 6- 10d). Thus, this material could reduce 
and reoxidize at ~550°C as the rest of the Co-ferrites, without loss in oxygen storage 
capacity. 
 
Figure 6- 10: H2-TPR and CO2-TPO of 80wt%CeZrO2 - CoFe2O4 followed by in situ XRD and 
conventional TPR-TPO during the redox treatment. The in situ XRD profiles showing phase 
transformations during the first cycle of (a) H2-TPR and (b) CO2-TPO. The consumption profiles in 
a conventional TPR-TPO set up during the two cycles of (c) H2-TPR and (d) CO2-TPO.  
(    ) First cycle and (  …….  ) second cycle. 
 
6.3.1.3.3 CeZrO2 - NiFe2O4  
The in situ XRD study of 20wt%CeZrO2 - NiFe2O4 during the first H2-TPR shows diffraction 
patterns of NiFe2O4 (2θ = 30.2°, 35.7° and 43.4°) and CeZrO2 (2θ = 29.1° and 33.7°). The 
spinel NiFe2O4 transforms to an alloy NiFe (2θ = 44.3°) and metallic Fe (2θ = 44.6°) at 
~490°C in the first cycle (Figure 6- 11a). At higher temperature, a fading diffraction peak 
of metallic Fe indicates that at ~650°C most of the Fe is incorporated into the NiFe alloy. 
Unlike Co - ferrites, the Ni - ferrites decompose to separate phases of Fe and an alloy of 
NiFe during the first H2-TPR cycle. The in situ H2-TPR is followed by a CO2-TPO (Figure 6- 
11b), during which the alloy segregates to metallic Ni (2θ = 44.5°) and Fe3O4 (2θ = 30.1°, 
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35.5° and 43.1°; PDF: 03-065-3107) at ~550°C. The presence of Fe3O4 can be discerned 
from the slightly lower 2θ values than for NiFe2O4. This suggests that Ni and Fe are present 
as metallic Ni and as Fe3O4 after reoxidation with CO2, and hence the spinel NiFe2O4 phase 
no longer exists. No diffraction peaks of NiO (2θ = 43.3°) were identified during the H2-
TPR and CO2-TPO. The material was again subjected to a second cycle of H2-TPR, where 
Fe3O4 reduces to metallic Fe (~500°C) and forms an alloy of NiFe with Ni (Figure 6- 11c). 
Unlike in the first H2-TPR, where most of the Fe resides in the alloy NiFe, now it remains 
segregated as a separate Fe phase. 
When subjected to CO2-TPO during the second cycle, segregated metallic Fe reoxidizes at 
~450oC, while the alloy NiFe again decomposes to metallic Ni and Fe3O4 at ~550°C (Figure 
6- 11d). No diffraction peaks of NiO were observed similar to the first H2-TPR and CO2-
TPO. The CeZrO2 peak position reveals no noticeable changes from the in situ XRD 
patterns, but the peak position analysis shows a partial reduction (~400°C) and 
reoxidation (~500°C) similar to the CeZrO2 modified CoFe2O4 materials (not shown). 
A conventional redox analysis was performed to identify the bulk reduction and 
reoxidation temperatures during the two redox cycles. During the first cycle of H2-TPR, 
the material shows a consumption peak at ~490°C and a shoulder around ~580°C (Figure 
6- 11e). However, during the second cycle of H2-TPR, peaks shift to higher temperatures, 
with a first peak at ~530°C and the second shoulder at ~600°C. This first peak is due to 
the combined contribution from reduction of NiFe2O4 and partial reduction of CeZrO2, 
similar to the CeZrO2 - CoFe2O4 ferrites. The presence of a shoulder at higher 
temperatures represents the bulk reduction of the material.  
The CO2-TPO profile during the first cycle (Figure 6- 11f) displays a broad peak at ~420°C 
and a second peak with a maximum at ~600°C. During the second cycle of reoxidation, 
temperatures shift to higher values with a shoulder at ~500°C and the main consumption 
peak at ~610°C. The presence of two reoxidation peaks during the consecutive cycles of 











Figure 6- 11: H2-TPR and CO2-TPO of 20wt%CeZrO2 - NiFe2O4 followed by in situ XRD and 
conventional TPR-TPO during two consecutive redox cycles. The in situ XRD profiles showing 
phase transformations during the first cycle with (a) H2-TPR, (b) CO2-TPO and second cycle of (c) 
H2-TPR and (d) CO2-TPO. The consumption profiles in a conventional TPR-TPO set up during the 
two cycles of (e) H2-TPR and (f) CO2-TPO. 
 ( ) First cycle and (  …….  ) second cycle. 
 




Figure 6- 12: Fitted peak position of alloy NiFe from the in situ XRD redox study of 20wt%CeZrO2-
NiFe2O4 during the two CO2-TPO cycles after H2-TPR. 
(------) Trend line for thermal expansion in peak positions during (  ) first cycle and (  ) second 
cycle. 
 
Thus, from the TPR-TPO analysis it can be concluded that the 20wt%CeZrO2 modified 
material reduces to separate NiFe and Fe phases along with partial reduction of CeZrO2. 
The NiFe alloy reoxidizes at 550°C to Ni and Fe3O4 (Figure 6- 12), unlike bulk NiFe2O4 
(Figure 6- 13). The latter material shows a relatively high temperature of reduction 
(~580°C) and reoxidation profiles suggest not all the material could be reoxidized as 
indicated by the rising features beyond 600°C. The reoxidation could be incomplete due 
to phase segregation during repeated redox cycling as indicated by XRD (not shown). 
 
Figure 6- 13: Conventional TPR-TPO consumption profiles during (a) H2-TPR and (b) CO2-TPO of 
bulk NiFe2O4 during repeated redox treatments. 
( ) First cycle and (  …….  ) second cycle 
 




A similar redox analysis was conducted on 50wt%CeZrO2 - NiFe2O4 (Figure 6- 14) and 
80wt%CeZrO2 - NiFe2O4 (Figure 6- 15). In 50wt%CeZrO2 - NiFe2O4, the CeZrO2 and 
NiFe2O4 phases showed similar redox transition temperatures as in 20wt%CeZrO2 - 
NiFe2O4.  
 
Figure 6- 14: H2-TPR and CO2-TPO of 50wt%CeZrO2 - NiFe2O4 followed by in situ XRD and 
conventional TPR-TPO during two consecutive redox cycles. The in situ XRD profiles showing 
phase transformations during the first cycle of (a) H2-TPR, (b) CO2-TPO and second cycle of (c) H2-
TPR and (d) CO2-TPO. The consumption profiles in a conventional TPR-TPO set up during the two 
cycles of (e) H2-TPR and (f) CO2-TPO. 
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For the highest loading of CeZrO2 (80wt%CeZrO2 - NiFe2O4), no peaks of NiFe2O4 were 
identified during the H2-TPR and CO2-TPO. However, broad diffractions were observed 
between 2θ = 44°-45.5° (the dotted inset box in the 2D XRD patterns, Figure 6- 15) 
towards the end of reduction and at the start of reoxidation, indicating the presence of an 
alloy phase of NiFe along with metallic Fe. The reduction leads to separate NiFe and Fe 
phases and the spinel is not restored upon reoxidation. Hence, none of the CeZrO2 
modified Ni-ferrite materials could be repeatedly reduced and reoxidized as the ferrite 
phase is lost. 
 
Figure 6- 15: H2-TPR and CO2-TPO of 80wt%CeZrO2 - NiFe2O4 followed by in situ XRD and 
conventional TPR-TPO during two consecutive redox cycles. The in situ XRD profiles showing 
phase transformations during the first cycle of (a) H2-TPR, (b) CO2-TPO and second cycle of (c) H2-
TPR and (d) CO2-TPO. The consumption profiles in a conventional TPR-TPO set up during the two 
cycles of (e) H2-TPR and (f) CO2-TPO. 
( ) First cycle and (  …….  ) second cycle. 




The modification of ferrites with CeZrO2 thus has a beneficial effect on the redox 
properties in comparison to pure ferrites. The in situ XRD study revealed that the addition 
of CeZrO2 to Co - ferrites leads to repeatable redox transitions between a CoFe alloy and 
spinel (CoFe2O4), whereas in the case of CeZrO2 modified Ni - ferrites the spinel (NiFe2O4) 
cycles between Fe and NiFe alloy, and Fe3O4 with Ni. 
6.3.1.4 Thermodynamics 
The thermodynamics of the redox behavior of bulk ferrites was studied using the EkviCalc 
software package. The equilibrium phase diagram of unmodified ferrites as a function of 
varying reduction ratios is illustrated in Figure 6- 16. In the case of CoFe2O4 (Figure 6- 
16a), the spinel is stable at low reducing ratios (PCO/PCO+PCO2 < 0.05) above a temperature 
of 625°C. At higher ratios (PCO/PCO+PCO2 > 0.05) the spinel is decomposed into CoO and 
subsequently metallic Co, and Fe3O4 at PCO/PCO+PCO2 > 0.1. At room temperature, Fe3O4 is 
the most oxidized form of iron oxide and a reduction to metallic Fe is only achieved at a 
reducing gas ratio (PCO/PCO+PCO2) > 0.26. However, with increasing temperature the 
region of direct reduction to Fe shifts to higher ratios. At a reducing ratio (PCO/PCO+PCO2) 
> 0.6 and in temperature ranges between 625°C -1025°C, FeO appears as a transition of 
phase between Fe and Fe3O4. Deeper reduction to Fe is achieved only at high reducing 
ratios in these temperature ranges. 
 
Figure 6- 16: The phase diagram of pure ferrite materials and respective metal oxides in the 
presence of CO as reducing and CO2 as reoxidizing gases. Equilibrium lines of pure (a) Co - ferrite 
and (b) Ni - ferrite materials. 
Blue lines: Co, resp. Ni related phases, black lines: Fe related phases. 
 
A similar analysis was performed on NiFe2O4 ferrites (Figure 6- 16b). The spinel NiFe2O4 
is stable at low reduction ratio (PCO/PCO+PCO2 < 0.02) and above this value the spinel is 
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directly reduced to metallic Ni. Under the present conditions, formation of NiO is 
thermodynamically unfavorable. The occurrence of metallic Fe is seen at reducing ratios 
(PCO/PCO+PCO2) > 0.26 and below this ratio Fe3O4 is the most oxidized form of iron oxides. 
Again, with increasing temperature, Fe3O4 will only reduce to metallic Fe with a transition 
through FeO. This trend is seen above a reducing ratio (PCO/PCO+PCO2) > 0.6 and in the 
temperature range 625°C-1025°C. The transition profiles of iron oxides in NiFe2O4 hence 
show a similar trend as for CoFe2O4, but the region of thermodynamic stability is different 
for CoFe2O4 and NiFe2O4. 
The in situ XRD study already gives an indication of the evolution of oxygen storage 
capacity upon cycling for the CeZrO2 modified ferrites compared to pure ferrites and iron 
oxide as chemical looping material. From the equations 6-6 to 6-7 below we can see that, 
when pure Fe3O4 is used as oxygen carrier, for every mole of Fe consumed, 1.33 mole of 
CO is produced.  
3Fe +  4CO2 → Fe3O4  +  4CO  (6-6) 
Ni +  3Fe +  4CO2 →  Fe3O4  +  Ni + 4CO  (6-7) 
In the case of pure CoFe2O4, 2 mole CO is produced per mole of Fe (equation 6-2). This 
oxygen storage capacity remains enhanced as the reduced material always reoxidizes 
back to CoFe2O4. For Ni - ferrites, the oxygen storage capacity is the same as for Fe3O4 
(equation 6-6) since the Ni - ferrite undergoes phase segregation to Fe3O4 and metallic Ni 
(equation 6-7), leading to a loss in oxygen storage capacity. The CeZrO2 modified Co - 
ferrites can reduce and reoxidize repeatedly at similar temperatures as shown from the 
in situ XRD redox study, in contrast to iron oxide, pure ferrites and modified Ni - ferrites. 
6.3.1.5 Stability: H2/CO2 
In addition to H2-TPR and CO2-TPO, isothermal cycling experiments were performed to 
study the stability and CO space time yield. The operating temperature was chosen based 
on the redox study described above in section 6.3.1.3.1 and 6.3.1.3.2. The bulk reoxidation 
of CeZrO2 modified CoFe2O4 materials occurred at ~550°C as seen in the conventional 
TPR-TPO analysis (Figure 6- 8f). Moreover, from the CoFe alloy peak position analysis of 
the in situ XRD study, the alloy reoxidizes repeatedly at 550°C (Figure 6- 7) Thus, a 
maximum utilization of oxygen storage capacity could be achieved by cycling between 




CoFe alloy and CoFe2O4 at this temperature. For the CeZrO2 modified Ni - ferrites, a broad 
temperature window for reoxidation (~400°C-600°C) of the bulk materials was observed 
(Figure 6- 13f). The NiFe alloy (Figure 6- 12) started reoxidizing at relatively low 
temperatures (~500°C) through segregation into metallic Ni and Fe3O4 (Figure 6- 14), but 
never reoxidized back to NiFe2O4 as confirmed by the in situ XRD analysis. Further 
increasing the temperature for redox cycling would only enhance the effect of sintering 
[20]. Therefore, the CO STYM during prolonged isothermal cycling for both these ferrite 
materials was investigated at 550°C over 100 redox cycles (20 h time on stream) (Figure 
6- 17a & b). 
 
Figure 6- 17: The dynamic simulation of CO space time yield (STYM) from the multi-tubular reactor 
configuration based on each of 100 isothermal redox cycles (20 h time on stream) in a single 
reactor experiment in (a) CeZrO2 - CoFe2O4 and (b) CeZrO2 - NiFe2O4 materials. The bold black line 
represents the time average of the STYM. 
(  ) 80wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 50wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 
20wt%CeZrO2 - CoFe2O4/NiFe2O4. 
Each cycle (720s) is composed of 180s H2 (10mol% in He), 180s He, 180s CO2 (100%) and 180s 
He at 550°C. All the gas flow rates were 5 Nml/s. 
 
Among the CeZrO2 modified Co - ferrites the highest CO STYM is found for 80wt%CeZrO2 - 
CoFe2O4 (Figure 6- 17a). Deactivation occured up to ~20 redox cycles (4 h) and the STYM 
remains stable thereafter. A similar trend was present in 50wt% and 20wt%CeZrO2 - 
CoFe2O4 at lower STYM. In both materials a decline in activity was observed after the first 
~10 cycles (2 h). The factors responsible for the decrease in STYM were further examined 
using XRD of these materials after 100 isothermal cycles (Figure 6- 18a). In 80wt%CeZrO2 
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- CoFe2O4, a separate phase of CoFe2O4 (Figure 6- 18a(i)) was discerned unlike the as 
prepared sample where it remained finely dispersed (Figure 6- 2a(iv)). The prolonged 
cycling led to an increase of crystallite size due to sintering which allowed the detection 
of this phase (Figure 6- 18a(i)). No diffraction peaks of metallic Co or Fe3O4 were 
identified, thus the spinel was not subject to phase segregation. The CeZrO2 phase also 
suffered from sintering with a twofold increase in crystallite size (~20nm). Hence, the 
deactivation in this material is attributed only to sintering. 
 
Figure 6- 18: XRD patterns of CeZrO2 modified ferrites after 100 isothermal redox cycles (20 h 
time on stream) for (a) CoFe2O4 and (b) NiFe2O4. (i) 80wt%CeZrO2 - CoFe2O4/NiFe2O4,(ii) 
20wt%CeZrO2 - CoFe2O4/NiFe2O4. 
(  ) CoFe2O4, ( ) CoFe alloy, (  ) metallic Co, (  ) Fe3O4, (  ) metallic Ni and (  ) CeZrO2. 
 
In the lower loadings of CeZrO2 (20wt%CeZrO2 - CoFe2O4), prolonged cycling led to phase 
segregation. In addition to the CeZrO2 peaks, separate phases of metallic Co, alloy CoFe 
and Fe3O4 (Figure 6- 18a(ii)) were identified. Large crystallites of Fe3O4 (~50nm), 
metallic Co (~60nm) and alloy CoFe (~50nm) were formed upon cycling. Fe3O4 
crystallites showed a twofold increase in crystallite size in comparison to the as prepared 
material. The formation of larger crystallites due to sintering could lead to an increased 
diffusion time in the bulk and result in incomplete oxidation leading to separate alloy CoFe 
and metallic Co phases even after reoxidation and resulting in phase segregation. 
Sintering of CeZrO2 was less severe in comparison to higher loadings with an increase in 
crystallite size from ~7nm in as prepared to ~12nm in cycled materials. Hence, it is 
concluded that upon prolonged cycling, phase segregation of CoFe2O4 occurs, in addition 
to sintering of CeZrO2, both leading to deactivation. As a result, not all the CoFe2O4 in 




































materials with lower CeZrO2 loadings is cycled back to the as prepared state which results 
in a loss of oxygen storage capacity.  
Among the CeZrO2 modified Ni - ferrites (Figure 6- 18b), 80wt%CeZrO2 - NiFe2O4 shows 
the highest CO STYM. Deactivation is observed during the first 20 cycles (4 h time on 
stream) and the STYM remains stable thereafter. In the lower loadings of CeZrO2, both 
50wt% and 20wt%CeZrO2 - NiFe2O4 show a decline in CO STYM during the first 15 cycles 
and then remain stable till 100 cycles.  
In the ex situ XRD pattern of 80wt%CeZrO2 - NiFe2O4 (Figure 6- 18b(i)), separate peaks of 
metallic Ni appeared, indicating phase segregation even for higher loadings of CeZrO2. 
Phase segregation was also perceived in 20wt%CeZrO2 - NiFe2O4 (Figure 6- 18b(ii)) with 
separate phases of metallic Ni and Fe3O4. The CeZrO2 suffered from heavy sintering, 
showing a twofold increase in crystallite size (~20nm), similar to CeZrO2 modified 
CoFe2O4 materials. In addition, large crystallite sizes of Fe3O4 (~75nm) and metallic Ni 
(~50nm) were found. The crystallites of Fe3O4 exhibited a threefold increase in crystallite 
size in comparison to as prepared materials. Hence, for all the loadings of CeZrO2, both 
phase segregation and sintering lead to deactivation of CeZrO2-NiFe2O4. Larger 
crystallites of Fe3O4 in CeZrO2 modified Ni - ferrites in comparison to Co - ferrites, indicate 
rapid sintering. The highest CO STYM among both ferrites was exhibited by the highest 
loadings of CeZrO2 (80wt%CeZrO2 - CoFe2O4/NiFe2O4). 
6.4 REDOX PROPERTIES: ALCOHOL/CO2 
Based upon the results of isothermal cycling (section 6.3.1.5), the stability of 
80wt%CeZrO2 - CoFe2O4 and 80wt%CeZrO2 - NiFe2O4 was investigated towards chemical 
looping with methanol and ethanol.  
6.4.1 Methanol 
Chemical looping with methanol is carried out by pulsing methanol over the bifunctional 
material at 550°C. Methanol undergoes decomposition (equation 6-8) to produce CO and 
H2 [45, 46]. These products subsequently reduce the material resulting in the production 
of CO2 and H2O (equation 6-9). 
CH3OH              →         2 H2  +  CO (6-8) 
CoFe2O4 + CO + 3H2            →        (Co + 2Fe)alloy +   3H2O +  CO2 (6-9) 
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The evolution of products during the reduction with methanol for 240 seconds (Figure 6- 
19a) shows that the fuel is completely converted to CO2 due to complete oxidation during 
the reduction onset, later on CO and H2 are the main products (equation 6-8). The CO STYM 
showed a relatively higher value for 80wt%CeZrO2 modified Ni- and Co - ferrites. Both 
materials display a similar trend of deactivation (Figure 6- 19b) during reaction. 
However, during the first four redox cycles (0.8 h) these materials exhibit a higher CO 
STYM in comparison with H2/CO2 isothermal redox cycles (Figure 6- 17). A two to three 
times increase in CO STYM was observed in both ferrites. 
 
Figure 6- 19: (a) The evolution of products on 80wt%CeZrO2 - CoFe2O4  during reduction half 
cycle with methanol. (______) CO2, (……..) CO and (-----) H2.  
(b) The dynamic simulation of CO space time yield (STYM) from the multi-tubular reactor 
configuration in ferrites based on each of 15 chemical looping cycles (3 h time on stream) in a 
single reactor experiment with methanol.  
The bold black line represents the time average of the STYM. 
All the gas flow rates were 5 Nml/s. 
(  ) 80wt%CeZrO2 - CoFe2O4 and (  ) 80wt%CeZrO2 - NiFe2O4; Each cycle (720s) in 
isothermal redox cycling during chemical looping with methanol is composed of 180s CH3OH 
(10mol% in He), 180s He, 180s CO2 (100%) and 180s He at 550°C.  
 
Even with a reduction time of 60 seconds, a CO yield higher than the theoretical yield value 
was obtained as shown in Figure 6- 20a for 80wt%CeZrO2-CoFe2O4. This enhanced yield 
of CO can only be attributed to carbon formation during the reduction step and oxidation 
of carbon with CO2 in the reoxidation step:  
CO2 + C  →  2 CO      (6-10) 




As the reduction time is increased to 180 and 300 seconds, the CO yield increases by 2 
and 3 times, respectively. For a reduction time of 480 seconds an almost 3.5 fold increase 
is seen. This study shows that in chemical looping with methanol, carbon formation is 
inevitable even when a cycle time as short as 60 seconds is employed (Figure 6- 20a). A 
similar trend in carbon formation can be expected for Ni-ferrites as they also exhibit a CO 
STYM, higher than H2/CO2 redox cycles similar to Co-ferrites (Figure 6- 19b).  
 
Figure 6- 20: Varying reduction time study showing the CO yield and carbon formation. (a) The 
CO yield in 80wt%CeZrO2 - CoFe2O4 resulting from varying the reduction time with methanol. All 
the gas flow rates were 5 Nml/s. (- - - -) Theoretical yield calculated from equation 6-2.  
(b) The carbon formation obtained after reoxidation with CO2 and O2 during the varying reduction 
time study. Bars with grey color represent ( ) carbon from CO2 reoxidation and black color ( ) 
represent carbon from O2 reoxidation. 
All the gas flow rates were 5 Nml/s. 
 
For complete gasification of carbon, air/O2 is required [47]. Hence after each CO2 
reoxidation pulse, the material was oxidized with O2 to quantify the total amount of 
carbon deposited. For a reduction half cycle of 60 seconds, the amount of carbon oxidized 
with O2 was three times higher than that of CO2 (Figure 6- 20b). Further, for a reduction 
time of 180 seconds the oxidation of carbon with O2 led to an increase of almost 1.5 times 
in comparison to reoxidation with CO2. When the reduction time was further prolonged 
to 300 and 480 seconds the carbon reoxidized was almost twice higher with O2 than that 
of CO2. 
The carbon formation was further investigated through a morphological and structural 
analysis by STEM on 80wt%CeZrO2 - CoFe2O4 after chemical looping with methanol. 
Crystallites with varying diameter (~10-50nm) were observed (Figure 6- 21a). The EDX 
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overlay of Co and Fe (Figure 6- 21b) shows that they occur together in larger crystallites, 
indicating the presence of the spinel i.e. CoFe2O4 phase. Some carbon appears in the 
neighborhood of the spinel phase. A similar STEM analysis was performed on 
80wt%CeZrO2 - NiFe2O4. The sample shows filaments (Figure 6- 21c) and large 
crystallites (~30nm). Separate crystallites of Ni and Fe (Figure 6- 21d) are seen, 
indicating phase segregation. 80wt%CeZrO2 - CoFe2O4 contained relatively large 
crystallites of Ni and showed carbon formation, as observed in the Co-ferrite (Figure 6- 
21b).  
 
Figure 6- 21: STEM images of 80wt%CeZrO2 - CoFe2O4 and 80wt%CeZrO2 - NiFe2O4 after methanol 
redox cycles: (a) STEM micrograph and (b) EDX elemental mapping of Fe, Co and C in 
80wt%CeZrO2 - CoFe2O4. (c) STEM image of 80wt%CeZrO2 - NiFe2O4 and (d) EDX elemental 
mapping of Fe, Ni and C. 
An additional ex situ XRD analysis was performed on both these materials after methanol 
chemical looping. The XRD on 80wt%CeZrO2 - CoFe2O4 showed the formation of iron 
carbide (Fe3C) and CoFe2O4 (Figure 6- 22 (i)). The presence of Fe3C suggests carbon 
formation. The CoFe2O4 peaks after several chemical looping cycles with methanol show 
an increase in crystallite size due to sintering. This phenomenon was also observed for 
50 nm 50 nm
(c) (d)
NiFe C
50 nm 50 nm
(a) (b)
CoFe C




the CeZrO2 phase which showed a 1.4 times increase in crystallite size (~13nm). Thus, 
the STEM and XRD analysis show that deactivation of 80wt%CeZrO2 - CoFe2O4 during 
cycling with methanol can be attributed mainly to material sintering. 
 
Figure 6- 22: XRD diffraction patterns after 15 chemical looping cycles (3 h time on stream) with 
methanol: (i) 80wt%CeZrO2 - CoFe2O4 and (ii) 80wt%CeZrO2 - NiFe2O4. 
Diffraction peak positions of (  ) CeZrO2, (  ) metallic Ni, ( ) Fe3C, (  ) CoFe2O4 and ( ) Fe3O4 
 
The ex situ XRD study for 80wt%CeZrO2 - NiFe2O4 after the reaction showed diffraction 
patterns of metallic Ni, Fe3C and Fe3O4 resulting from phase segregation of NiFe2O4 
(Figure 6- 22(ii)). The presence of Fe3C follows from carbon formation. Further, sintering 
of the CeZrO2 phase led to an increase of crystallite size by 1.7 times (~15nm). Thus 
sintering and phase segregation both resulted in deactivation in this material. 
The STEM and XRD study show that among both ferrites, CoFe2O4 could retain its spinel 
state whereas NiFe2O4 underwent phase segregation to Ni and Fe phases. Thus, the 
oxygen storage capacity of CoFe2O4 remains preserved during chemical looping with 
methanol. Carbon formation was observed in both samples, but this deposited carbon 
enhanced the CO yield when reoxidized with CO2. The amount of carbon reoxidized 
depends on the reduction time (Figure 6- 20a). For a reduction time of 180s, not all carbon 
can be reoxidized as shown by STEM (Figure 6- 21b & d). This carbon can result in the 
blockage of active sites, especially in Ni – ferrites, where carbon formation is more intense. 
Hence, although the reoxidation with CO2 yields an elevated CO yield at first for both 
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ferrites, deactivation will eventually occur due to accumulated carbon, as not all carbon 
can be gasified using CO2 [47].  
6.4.2 Ethanol 
The bifunctional materials were applied towards catalyst-assisted chemical looping with 
ethanol (equation 6-11). The materials were tested at 550°C as the redox study showed 
repeated reduction and reoxidation at this temperature. The decomposition of ethanol 
resulted in CH4, CO and H2 as the main products.  
C2H5OH  →   CH4  + CO + H2 (6-11)  
CH4 + H2O → CO +  3H2 (6-12)  
However, the conversion of ethanol was limited to ~40% and the CH4 produced remained 
unconverted. In order to operate at higher conversions of ethanol and promote the 
subsequent conversion of CH4, the reaction was carried out at a more elevated 
temperature. Complete conversion of ethanol was complete at 750°C, but even at this 
temperature CH4 remained unconverted, likely because the active sites are blocked by 
carbon from CO decomposition at 750°C via the Boudouard reaction. Another option to 
convert methane more efficiently is to add water to the feed for removal of carbon. As an 
investigation of this alternative, reactions were carried out at 750°C using an ethanol-
water mixture instead of pure ethanol as fuel to provide further insight in the conversion 
of CH4. Water is a major component in bio-ethanol but an excess of water will have an 
adverse effect on the bifunctional material by reoxidation of the alloy (reverse of equation 
6-9), hence a reaction mixture of ethanol-water (1:1 mole ratio) was investigated 
assuming that steam reforming would allow the conversion of CH4 (equation 6-12). 
Again, no conversion of methane was observed, possibly because the ratio of Ni:Fe was 
not optimal [48]. At the investigated conditions only CO and H2 act as reducers. The 
highest CO STYM is shown by 80wt%CeZrO2 - CoFe2O4, two times higher than for 80wt% 
CeZrO2 - NiFe2O4 (Figure 6- 23a).  
This is a similar trend as for methanol (section 6.4.1). A study on varying reduction time 
of the ethanol-water mixture was performed on the most active material, 80wt%CeZrO2 - 
CoFe2O4, showing that the CO yield increases with prolonged reduction time (Figure 6- 
23b). However, the maximum experimental CO yield remains below the theoretical limit.  




This could be due to the presence of water in the feed which slows down the reduction to 
Fe, thus limiting the production of CO during reoxidation. For this reason, the CO yield 
from feeding an ethanol-water mixture over 80wt%CeZrO2 - CoFe2O4 remains below 
expectation at the investigated reduction times. The ex situ XRD analysis of both these 
ferrites after reaction (Figure 6- 24) shows no carbide phase (Fe3C) unlike chemical 
looping with methanol. After cycling, 80wt%CeZrO2 - CoFe2O4 showed peaks 
corresponding to spinel CoFe2O4 (Figure 6- 24 (i)). This can be attributed to an increase of 
crystallite size during prolonged cycles due to sintering. The XRD analysis also showed an 
increase of crystallites in CeZrO2 (~15nm) due to sintering. Further, absence of separate 
peaks of metallic Co and Fe indicates no phase segregation occurred, thus deactivation 
can be attributed to material sintering. 
 
Figure 6- 23: (a) The dynamic simulation of CO Space time yield (STYM) in as prepared 
80wt%CeZrO2 - CoFe2O4 and 80wt%CeZrO2 - NiFe2O4 from the multi-tubular reactor configuration 
based on each of 15 chemical looping cycles (3 h time on stream) in a single reactor experiment 
with ethanol.  
The bold black line represents the time average of the STYM. 
(  ) 80wt%CeZrO2 - CoFe2O4 and (  ) 80wt%CeZrO2 - NiFe2O4. Each cycle (720s) during 
isothermal chemical looping with ethanol is composed of 180s ethanol mixture (1:1 mole ratio, 
10mol% in He), 180s He, 180s CO2 (100%) and 180s He at 750°C.  
(b) The CO yield for 80wt%CeZrO2 - CoFe2O4 resulting from varying the reduction time. 
All the gas flow rates were 5 Nml/s.  
(- - - - -) Theoretical yield calculated from equation 6-2. 
 




Figure 6- 24: XRD diffraction patterns after 15 chemical looping cycles (3 h time on stream) with 
ethanol: (i) 80wt%CeZrO2 - CoFe2O4 and (ii) 80wt%CeZrO2 - NiFe2O4. 
Diffraction peak position of (  ) CeZrO2, (  ) metallic Ni (  ) CoFe2O4 and ( ) Fe3O4 
 
In 80wt%CeZrO2 - NiFe2O4 on the other hand (Figure 6- 24 (ii)), peaks of metallic Ni and 
Fe3O4 show phase segregation from the spinel NiFe2O4. The prolonged cycling led to an 
increased crystallite size of CeZrO2 phase (~17nm) due to sintering. Thus, both phase 
segregation and sintering lead to deactivation in this material.  
The present results over CeZrO2 modified Co- and Ni - ferrites are promising, but also 
indicate that there is room for improving these bifunctional chemical looping materials. 
In particular, in chemical looping with ethanol, no conversion of methane was observed 
(Figure 6- 25a), possibly because the ratio Ni:Fe was not optimal [48]. A typical reduction 
half cycle with ethanol-water mixture is shown in Figure 6- 25a. The graph shows that at 
first CO2 is the main product during the reduction, later CO, H2 and CH4 dominate as 
products. Complete conversion of ethanol and CH4 is not achieved during the reduction. 
At the investigated conditions only CO and H2 act as reducers. The conversion of CH4 can 
be achieved by two possible options: First, a pre-catalyst bed could be applied, as proven 
previously [26].  




























Figure 6- 25: Space time yield during the reduction step in chemical looping with ethanol-water 
mixture on 80wt%CeZrO2-CoFe2O4, (a) without and (b) with pre-catalyst bed. 
(______) CO2, (………..) CO, ( ) CH4, ( ) C2H5OH, (-----) H2 
 
Such configuration was tested using 10wt%Ni/MgAl2O4 [22] as pre-catalyst for chemical 
looping with the ethanol-water mixture. Initially, complete conversion of ethanol to CO2 
and H2O was observed. With time, CO and H2 were the main products and only a small 
part of CH4 remained unconverted (Figure 6- 25b), unlike a typical reduction half cycle 
without pre-catalyst bed where CH4 remains unconverted all throughout the reduction 
half cycle (Figure 6- 25a). These results indicate that complete conversion can be achieved 
by using a pre-catalyst bed for the conversion of CH4. Alternatively, the material could be 
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rearranged into a core-shell configuration [49], where the core holds the oxygen storage 
material, while the shell bears the catalytic component. 
6.5 CONCLUSIONS 
CeZrO2 modified Co - and Ni - ferrites were tested for their redox properties and 
applicability towards catalyst-assisted chemical looping processes with ethanol and 
methanol. The redox property investigations using in situ XRD along with conventional 
TPR-TPO showed that the Co - ferrites could reduce and reoxidize repeatedly between an 
alloy CoFe and CoFe2O4 phases. However, in Ni - Ferrites, these materials segregated into 
an alloy NiFe, metallic Ni, and Fe3O4 which resulted in a loss of oxygen storage capacity in 
comparison to Co - ferrites. The highest CO production during isothermal cycles at 550°C 
was shown by 80wt%CeZrO2 - CoFe2O4/NiFe2O4. 
In chemical looping with methanol, highest CO production was obtained in 80wt%CeZrO2 
- CoFe2O4. The observed deactivation can be attributed to material sintering. The Co - 
ferrites could be reduced and reoxidized back to an as prepared state without loss in 
oxygen storage capacity. The Ni - ferrites suffered from sintering as well as phase 
segregation to metallic Ni and Fe3O4 resulting in a loss of oxygen storage capacity. Further, 
carbon formation led to an elevated CO yield upon reoxidation with CO2 in both materials, 
even though it can lead to deactivation in the long run due to accumulation. 
In chemical looping with ethanol, 80wt%CeZrO2 - CoFe2O4 showed a threefold higher CO 
production than 80wt%CeZrO2 - NiFe2O4. Similar to chemical looping with methanol, the 
Co - ferrites retained their oxygen storage capacity and did not suffer from phase 
segregation. In Ni – ferrites, the deactivation was a combination of sintering and phase 
segregation leading to a loss of oxygen storage capacity. Both materials were able to 
decompose ethanol to CO, H2 and CH4, but could not convert CH4. In order to convert CH4, 
a pre-catalyst bed configuration is proposed.  
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Conclusions and perspectives 
With rising global temperatures, the necessity to reduce greenhouse gas emissions like 
CO2 has only gained significance. Several technologies have been proposed to minimize 
CO2 emissions. One such technology, which can utilize directly CO2 by converting it to 
value added products is chemical looping, a cyclic redox process based on the 
regeneration of oxygen storage materials. During the first step the metal oxide is reduced 
by fuel to a lower oxidation or metallic state producing CO2 and H2O. In the second step, 
the metal oxide is regenerated using CO2 thereby producing high purity CO. The produced 
carbon monoxide can be used as raw material for many applications in bulk chemicals 
manufacturing. In this work iron oxide based oxygen storage materials were used in 
chemical looping. Due to the high temperature of operation (> 650°C), pure iron oxides 
are challenged by rapid deactivation. The stability of iron oxides can be controlled by 
modification with promoter materials such as CeO2, CeZrO2, MgO, Al2O3 and MgAl2O4 
materials. All of the above materials mitigate sintering of iron oxides by acting as a 
physical barrier. Thus, these materials are named textural or physical promoters. 
However, CeO2 and CeZrO2 in addition to mitigating sintering also contributes to the redox 
activity, making it a chemical promoter.  
A series of XFe2O3-CeO2 (X= 10-80wt%) was prepared and tested in chemical looping. 
The incorporation of Fe into CeO2 led to the enhanced redox properties of CeO2 through 
the formation of a solid solution (Ce1-xFexO2-x). The lattice parameter evolution showed 
that the amount of Fe in the lattice of CeO2 levelled off after a loading of 10wt%Fe2O3. This 
maximum amount dissolved (x in Ce1-xFexO2-x) was investigated using Ce-K edge EXAFS 
modelling. It showed that 21mol% of Fe was incorporated into the lattice of CeO2 in 
10wt%Fe2O3–CeO2. Three types of deactivation were identified: sintering, Fe segregation 
from solid solution, and perovskite formation, leading to a loss of CO yield. In situ XRD, 
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XAS and TEM were used to identify phases, crystallite sizes and morphological changes 
during repeated H2-reduction and CO2-reoxidation for the whole series of XFe2O3-CeO2. 
The segregation of Fe from the Ce1–xFexO2−x occurs very fast, from the first redox cycle on. 
It leads to lower reducibility of CeO2 but at the same time provides more iron oxide 
storage capacity resulting in more reducible Fe. Perovskite (CeFeO3) forms in the first ten 
cycles and leads to a loss of oxygen storage capacity as it is non-reducible. Sintering then 
again is a slower process which continues throughout cyclic operation. It causes 
crystallites to grow in size, thereby increasing the diffusion time of bulk oxygen to the 
surface. Hence, a lower degree of reduction is reached, and upon reoxidation a lower CO 
yield is obtained. 
The relative importance of these deactivation types depends on the composition of the 
oxygen storage material. In 80wt%Fe2O3–CeO2 deactivation is predominantly caused by 
sintering of iron oxides. Fe segregation is of minor importance given the composition of 
this material. Similarly, perovskite formation may possibly occur but will hardly affect the 
cycling productivity. In 10wt%Fe2O3–CeO2, all three types of deactivation are at play; this 
is why deactivation for this composition is more rapid and severe during the first 10 
cycles. 
The materials regeneration study shows that after treatment with O2, the CO yield for both 
materials increases slightly. The increase in the CO yield is more prominent in 
10wt%Fe2O3–CeO2, where the O2 treatment leads to decomposition and phase 
segregation of CeFeO3. However, the overall CO yield remains lower than at the start of 
cycling, showing the role of sintering towards deactivation in this material. Nevertheless, 
80wt%Fe2O3-CeO2 still stands out to be the best material during prolonged redox cycling 
with highest CO yield. Based on this deactivation study, replacing CeO2 with a compound 
that does not undergo solid–solid transformations could prove worthwhile in view of 
further countering deactivation. This can be achieved by addition of Zr to CeO2 resulting 
in the formation of CeZrO2, which exhibits superior redox properties. Moreover, Zr acts as 
a physical barrier mitigating sintering as well as solid-solid transformation to other 
phases such as CeFeO3, thereby preventing the loss of active redox material available for 
the reaction. Such chemically active promoters are however  cost extensive, and therefore 
a relatively cheaper material, which can mitigate sintering effectively, even if not 
contributing towards the reaction, can be interesting. 
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Hence, after examining the role of chemical promoters in chemical looping, the role of 
textural promoters was examined. A series of XFe2O3–MgAl2O4, –MgO or –Al2O3 (X=10–
90wt%) samples were prepared as oxygen storage materials for chemical looping 
processes. Unlike CeO2, these support materials don’t show any redox activity, but only 
mitigate sintering. Among the different textural promoter materials, iron oxides modified 
with MgAl2O4 showed the best redox properties and high material stability in chemical 
looping. XRD patterns and Mössbauer spectra of the as prepared Fe2O3-MgAl2O4 materials 
confirm the formation of a spinel MgFeAlOx as crystallographic phase in all samples. For 
Fe2O3 loadings above 30wt%, redox cycling leads repeatedly to reduction from Fe2O3 to 
Fe3O4, FeO and Fe, while the spinel is only partially reduced. Nevertheless, samples with 
high Fe2O3 loading suffer from rapid deactivation during the first 10 cycles, due to 
sintering of the iron oxides. At lower loadings (≤ 30wt%) most of the iron is in the form 
of MgFeAlOx which reduces and oxidizes between Fe3+ and Fe2+, leading to stable 
performance over prolonged periods of time. This typical pattern is observed in the 
temperature range up to 750°C, while at higher temperature, extraction of Fe from the 
spinel occurs due to high temperature reduction and segregation. Reoxidation of the 
segregated metallic Fe to Fe3O4 is confirmed by full XRD scans.  
The MgFeAlOx spinel formation leads to highest efficiency of Fe for CO2 utilization. Even 
though Fe incorporated inside the spinel has a low oxygen storage capacity when 
compared to Fe2O3/MgFeAlOx, the stabilization of Fe in the form of MgFeAlOx results in 
improved performance. The best performing sample was 10wt%Fe2O3–MgFeAlOx, 
showing only a spinel phase. Compared to 10wt%Fe2O3 supported on Al2O3 or MgO, the 
CO yield of this 10wt%Fe2O3–MgFeAlOx spinel proves to be ten times higher. The spinel 
structure remained stable in isothermal cycling at 750°C and could retain this stability for 
over 60 cycles by partial cycling of Fe between Fe3+ to Fe2+. Although the 10wt%Fe2O3-
MgFeAlOx spinel exhibits a low oxygen storage capacity, it can exchange this oxygen for a 
much longer time because it hardly changes in structure or particle size. 
The choice of ideal promoter in chemical looping is determined by the cost and redox 
activity towards the process. From the above two studies on chemical and textural 
promoters, the choice of promoter materials ultimately is a trade-off between the redox 
activity i.e. CO produced and the cost of materials. From the cost vs. CO productivity plots 
(Figure 7-1) it is observed that the best performing candidate in the case of CeO2 
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promoted mateials is 80wt%Fe2O3–CeO2 (Figure 7-1a). Pure Fe2O3 shows a higher CO 
production, but is known to deactivate rapidly in comparison to promoted materials 
during prolonged cycling operation. On the other hand, among the textural promoters, 
50wt%Fe2O3–MgAl2O4 (Figure 7-1b) is the best performing in terms of high CO 
productivity and low material cost. Clearly when comparing both , the MgAl2O4 promoted 
materials show promising perspective for the future in terms of cost and CO productivity.  
Figure 7-1: The material cost of CO produced with varying loading of Fe2O3 in (a) CeO2 and (b) 
MgAl2O4 promoted materials. ( ) material cost ( ) CO produced. The cost of materials and CO 
production was calculated based on a fixed volume of the reactor (1 m3). 
 
In the present investigation the material with lowest loading of Fe2O3, i.e. 10wt%Fe2O3-
MgAl2O4 showed enhanced stability. The structural aspects leading to this enhanced redox 
activity and stability were investigated using advanced spectroscopic techniques such as 
XAS. The pre-edge analysis of the spectra showed that ~55% of the material reduced from 
a Fe3+ to Fe2+ state. This information was used towards development of a kinetic model 
using shrinking core approach. The model elucidates the role of kinetic and diffusion 
controlled regimes. At lower conversion, the reaction rate was predominantly controlled 
by kinetics, whereas at higher conversions, diffusion was controlling. A linear dependence 
of reduction activation energy on conversion was found. These results show the 
advantage of extracting experimental data from a powerful characterization technique in 
view of a quantitative study. 
Apart from the above mentioned materials which focus on the oxygen storage function, 
the addition of a catalyst component widens the applicability of chemical looping towards 
catalytic and decomposition reactions. Hence the spinels (e.g. NiFe2O4 and CoFe2O4) with 
an inherent catalyst (Co, Ni) and oxygen storage (Fe) component have been investigated 
towards catalyst-assisted chemica looping. These materials were modified with CeZrO2 to 
(a) (b) 
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enhance their redox properties. The transformation of CO2 to CO while using methanol or 
ethanol as a reducers was tested over these materials. The investigation of the redox 
properties of bifunctional samples using in situ XRD along with conventional TPR-TPO 
showed that the Co-ferrites could reduce and reoxidize repeatedly between an alloy CoFe 
and CoFe2O4. However, in Ni - ferrites, these materials segregated into an alloy NiFe, 
metallic Ni and Fe3O4 which resulted in a loss of oxygen storage capacity in comparison to 
Co-ferrites. The highest CO production during isothermal cycles at 550°C was shown by 
80wt%CeZrO2 – CoFe2O4/NiFe2O4. 
In chemical looping with methanol, highest CO production was obtained in 80wt%CeZrO2 
– CoFe2O4. The observed deactivation during redox cycles can be attributed to material 
sintering. The Co - ferrites could be reduced and reoxidized back to an as prepared state 
without loss in oxygen storage capacity. The Ni - ferrites suffered from sintering as well 
as phase segregation to metallic Ni and Fe3O4 resulting in a loss of oxygen storage capacity. 
Further, carbon formation led to an elevated CO yield upon reoxidation with CO2 in both 
materials, even though it can lead to deactivation in the long run due to accumulation. In 
chemical looping with ethanol, 80wt%CeZrO2 – CoFe2O4 showed a threefold higher CO 
production than 80wt%CeZrO2 - NiFe2O4. Similar to chemical looping with methanol, the 
Co - ferrites retained their oxygen storage capacity and did not suffer from phase 
segregation. In Ni - ferrites, the deactivation was a combination of sintering and phase 
segregation leading to a loss of oxygen storage capacity. Both materials were able to 
decompose ethanol into CO, CH4 and H2 mixture, but could not convert CH4. In order to 
convert CH4, a pre-catalyst bed configuration is proposed. 
The future of chemical looping processes depends greatly on the material advancement. 
Innovation can be achieved through adopting different synthesis strategies such as core-
shell preparation, stabilization of active oxygen carrier material in the pores of high 
surface area materials such as zeolites. This could be promising especially towards the 
design of bifunctional materials, where the proper tailoring of the structure could result 
in efficient conversion of fuel. As an example, through proper material design the  
implementation of an extra pre-catalyst bed for conversion of hydrocarbon fuels such as 
CH4, can be avoided.  
The advancement in synthesis should be carried out guided by the structural changes 
occurring during the reaction. Applying advanced characterization techniques such as in 
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situ TEM, XAS and Mössbauer spectroscopy can provide important structural information 
during reaction. Synthesis and characterization should be carried out in a feedback loop 
resulting towards design and development of novel materials. 
Further, the materials explored in this work should be tested over a prolonged period of 
operation, e.g. the 10wt%Fe2O3–MgAl2O4 materials should be tested further over 1000 
redox cycles and should be characterized in detail to study the long-term stability of spinel 
MgFeAlOx. The detailed characterization of all the elements of the promoter material (Mg, 
Al and Fe) using XAS, would provide further structural information regarding the possible 
redox behavior of other cations (e.g. Mg, Al). This would provide additional insight in the 
phenomenon of oxygen extraction and the mechanism of reduction in this material. 
Further, the applicability of this material in a pilot or industrial scale set up is an 
interesting aspect of future focus. This should be guided by a suitable synthesis and 
reactor setup.  
Most of the chemical looping operations on a pilot scale are carried out in fluidized bed 
reactors. However, when the reactor needs to be operated at higher pressure to work 
towards higher conversions, the fluidized bed configuration might not be optimal. The 
packed bed reactor technology might be another alternative technology in this aspect. 
Thus, for the future, the choice of synthesis method, reactor and operating conditions 







The details of the reference LaB6 used for the calculation of the instrumental width and a 
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After the phase analysis step, the next step is to extract quantitative information such as 
crystallite size using the Scherrer equation: 
d =
K λ
(β − b). cosθ
   
(A1) 
The Scherrer equation indicates that small crystallites will yield broad peaks, whereas 
large crystallites should correspond to narrow diffractions. The most intense peak of the 
desired phase is isolated from the XRD spectrum, thereafter a Gaussian is fitted to the 
peak. Sometimes, there could be an overlap between two different phases, in such a 
situation two Gaussians can be used to describe the peaks. The peaks are fitted with a 










From the Gaussian fitting the parameters full width at half maximum (FWHM), β, and peak 
position (2θ) are obtained. An example is shown below, where the most intense peak of 
CeO2 (2θ=28.55°), is fit using a Gaussian. Once the values of peak position and FWHM are 
obtained a suitable value of instrumental width is calculated by the measurement from a 
reference. 
 
Figure A- 1: The XRD diffraction pattern of 10Fe2O3- CeO2. The inset shows the fit for the most 
intense peak. ( ) 10wt%Fe2O3-CeO2 (------) Gaussian fit. 
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The parameter of instrumental width (b) is obtained from a reference LaB6 measurement. 
This reference measurement is carried out in the same conditions as that of the sample.  
 
Figure A- 2: The XRD pattern of reference LaB6.  
 
The XRD pattern of LaB6, due to its highly crystalline nature displays very narrow peaks, 
such that only the instrumental width is measured from the peak width. From the 
characteristic peak widths of this reference, the instrumental width at a certain diffraction 
angle2θ may be estimated by linear interpolation. Once this parameter is calculated, the 
crystallite size can be calculated using the Scherrer equation (equation A1). In case of 
large deviations in crystallite size from peaks at different angles, it indicates deviation 
from the spherical crystallite size. 
 









21.354 0.156 63.267 0.222 
30.395 0.165 67.603 0.228 
37.464 0.196 71.803 0.270 
43.534 0.201 75.907 0.234 
48.993 0.207 79.931 0.250 
54.029 0.211 83.920 0.266 



















(β − b). cosθ
=
0.1386 𝑛𝑚
(0.011523 − 0.002845). cos(0.2498)
= 16.4 𝑛𝑚 
All the values of β, b, θ are in radians, giving d in nm. The value of K =0.9 applies for 
spherical crystallites, and λ= 0.154 nm for the Cu Kα radiation, hence the multiplication 
of both yields a value of 0.1386 nm. The fitting of peaks using Gaussian fits was performed 
using MS Excel®, a nonlinear solver was used for the minimization. Other fitting software’s 









The calculations leading towards CO space time yield from the multi-tubular reactor 
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The following steps are implemented in the calculation of CO STYM 
Step 1: From the measured data set, a single half cycle is isolated (Figure B- 1) and is used 
towards further calculations.  
 
Figure B- 1: The MS signal during the CO2-reoxidation half cycle of 20wt%CeZrO2-CoFe2O4 
 (……..) He, (____) CO and ( )CO2 
Each cycle (720s) is composed of 180s H2 (10mol% in He), 180s He, 180s CO2 (100%) and 180s 
He at 550°C. All the gas flow rates were 5 Nml/s. 
 
Step 2: All the data are normalized for background changes using the He signal. These data 
are used for further analysis (Figure B- 2). 
Step 3: To quantify the amount of CO produced the following procedure is followed: 
The CO signal originating from the experiment has two contributions 
 1) The MS signal contribution from the decomposition of CO2 itself, which has a 
 corresponding mass fragment contributing towards CO signal (please refer 
 http://webbook.nist.gov/ for detailed information). 
 2) The CO produced during material oxidation. 
To separate these two contributions, a blank experiment with an inert bed is performed. 
This provides information about the CO fragment originating from the CO2 decomposition, 
which is later subtracted (Figure B- 2) to obtain the CO produced from material oxidation. 
This signal is used towards calculation of space time yield (STY). 




Figure B- 2: The normalized MS signal of CO and the CO produced from material reoxidation 
(____) Normalized CO recorded during the experiment and (………) CO signal from material 
oxidation only. 
 
Step 4: Based on the STY obtained from a single reactor as described above, a dynamic 
simulation is performed towards a steady-state chemical looping operation. This is based 
on the multi-tubular reactor configuration where single reactors are operated in chemical 
looping regime, but one after the other, i.e. with a delay relative to the previous one (Figure 
B- 3). This results in the production of a periodic permanent regime of CO.  
 
Figure B- 3: Proposed multi-tubular configuration for continuous production of CO using H2 for 
reduction and CO2 for reoxidation.  




The proposed multi-tubular reactor configuration (Figure B- 3) consists of 8 reactors. The 
chemical looping operation is carried out by initiating the first step i.e. H2 reduction in the 
reactor-1 for t=45s. After a time step of 45s (i.e. 90s), the reduction in the rector-2 is 
commenced, the reduction sequence is propagated in this manner for all 8 reactors by 
applying consecutive time steps. By the time reduction starts in reactor-4, the H2 
reduction half cycle (i.e. 180s) in reactor-1 is complete, which is followed by an inert pulse 
for a time step of 45s. In the subsequent step, the material is subjected to CO2 reoxidation 
resulting in the production of CO. This sequence of operation is carried out in the reactor 
configuration shown in Figure B- 3. At any given time step four reactors remain in 
reduction and four in reoxidation, resulting in the production of CO in a permanent 
periodic regime. The STYM is then simulated by summing the contributions of all single 












STYM = Space time yield from the multi − tubular reactor configuration (mol kg
−1 s−1 ); 
STY = Space time yield of CO (mol kg−1 s−1); 
FCO =  Outlet molar flow rate of CO (mol s
−1); 
Ws = Mass of ferrite in a single reactor (kg); 
Nox = Number of reactors in oxidation mode (−). 
 
Figure B- 4: The CO space time yield (STY) from a single reactor leading to the simulation of space 
time yield for the multi-tubular reactor configuration of 20wt%CoFe2O4-CeZrO2. 
(____) CO from single reactor experiment and (………) sum of the CO STY.  
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The simulation of four pulses during the chemical looping operation is shown in Figure B- 
4. This concept has also been applied elsewhere [1, 2] and in a recent study has resulted 
in production of CO three times higher than conventional CH4 reforming resulting in a 
super dry reforming [1]. 
The representation of the STYM in chapter 5 with time on stream is represented below 
(Figure B- 5). 
 
Figure B- 5: The dynamic simulation of CO space time yield (STYM) from the multi-tubular reactor 
configuration based on each of 100 isothermal redox cycles in a single reactor experiment (20 h 
time on stream) in (a) CeZrO2 - CoFe2O4 and (b) CeZrO2 - NiFe2O4 materials. 
The bold black line represents the time average of the STYM. 
(  ) 80wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 50wt%CeZrO2 - CoFe2O4/NiFe2O4, (  ) 
20wt%CeZrO2 - CoFe2O4/NiFe2O4. 
Each cycle (720s) is composed of 180s H2 (10mol% in He), 180s He, 180s CO2 (100%) and 180s 
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